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ABSTRACT
Extensive high resolution photoabsorpt ion measurements  have been made in the 
Schumann-Runge band sys tems of 160..,, 160 180  and 180 0.
Step-like s t ructu re  in the cont inuum under lying the  S chumann- Runge bands  of 
160 2 has been experimental ly verified for the first t ime. This s t ructure  arises from 
absorpt ion by rotat ional ly excited ground s ta t e  levels into the B  3IT  s tate  and has 
led to the dete rminat ion of a new dissociation limit of 57136.0 ± 0 .5 c m ' 1 for the 
B  3IT  s tate.  An addi t ional  contribut ion to the underlying cont inuum,  apar t  from 
the  well known Schumann-Runge and Herzberg cont inua ,  has been found. This con­
t r ibut ion has been a t t r i bu ted  to absorption into the 1^/7 s tate.  The observed t em ­
pera ture  dependence of the cont inuum pressure coefficients was found to be inconsis­
tent  wi th absorption due to stable (0-,)0 dimers.
Exper imenta l  oscil lator s t rengths have been presented for the (1-0) to (22-0)
and (3-1) to (17-1) Schumann-Runge bands  of 160 „  and were found to be in excel­
lent agreement  with  theoretical  predictions. The mean band oscillator s t rengths  for 
the  (1-0) to (12-0) bands  were in excellent agreement wi th recent ultra-high resolu­
tion absolute measurements .  The oscillator s t rength  density was found to be con­
t inuous across the B  3J57' dissociation limit. The dipole moment  deduced from the 
oscillator s t reng ths  was found to agree well wi th recent ab in i t io  and semi-empirical 
de terminations .
Predissociat ion l inewidths for as many lines as possible in the (1-0) to (19-0)
Schumann-Runge bands  of 160 o were determined in conjunct ion with the oscillator
s trengths .  A theoretical  predissociation model has been developed and was used to 
predict  the vibrat ional  and rotat ional  var ia t ion  of predissociation linewidth.
Excellent agreement  was found between the measured and predicted linewidth var ia­
tions.
Exper imenta l  oscil lator s t rengths  have been presented for the (2-0) to (19-0)
and (5-1) to (15-1) Schumann-Runge bands  of 180 o and the (2-0) to (15-0) bands  of 
160 180 .  The only oscillator s t rengths  previously measured for these isotopes have 
been the  in tegra ted  absorpt ion coefficients for the (2-0) to (11-0) bands  of 180 , (.
The measured oscil lator s t rengths  were found to be in excellent agreement wi th
theoretical  predictions based on the dipole moment  and potent ial  curves of 160 0. 
The dipole moment  was determined from the oscillator s t rength  measurements  for 
both isotopes and was found to agree with the 160 0 dipole moment  within the ex­
per imenta l uncer ta inty.
Predissociation l inewidths have been measured for the first t ime for the (2-0) 
to (19-0) bands  of 180 2 and the (2-0) to (15-0) bands  of 16O i 80 .  The observed 
var ia tion of predissociation linewidth with both vibration and rotat ion was found to 
be in excellent agreement  wi th the theoretical  predictions of the predissociation 
model developed for 160 0.
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1CHAPTER 1 
INTRODUCTION
Molecular oxygen plays an impo r tan t  role in the atmospher ic  absorpt ion of 
solar ult raviolet  radiat ion,  as indicated in Fig. 1-1, and is also impor t an t  in the  
processes of atmospher ic  photochemist ry.  Photoabsorpt ion by molecular oxygen has 
thus  been the subject of considerable experimental  and theoretical investigation.  In 
par t icular,  the complex Schumann-Runge band sys tem (B  327J-A' 3i7'),  occurring in 
the wavelength range 1750-2050 A. has been studied extensively. An indication of 
the complexity of the band sys tem is given in Fig. 1-2. The effective modelling of 
a tmospher ic  absorpt ion in this wavelength range requires a detailed knowledge of the 
molecular constants  of (),, and the l inewidths and oscillator s t reng ths  for the band 
system.
O
The absorpt ion spect rum of O,, in the wavelength range 1750-2050 A features 
a con t inuum under lying the Schumann-Runge (SR) bands.  The large number and 
complexity of spectral  lines in the SR bands  have made thorough investigation of 
the underlying cont inuum difficult. Gies ct al. (1982) made detai led predictions 
about  the cont inuum based on an SR cont inuum model including rotat ional  and 
vibrat ional  excitation.  These predictions were investigated in this w'ork along with 
the possibility of contr ibut ions  to the underlying cont inuum from molecular s tates  
o ther  than the  well established B  3 27' and .4 3275
U  U
The B  327J-A' 3LT SR t rans it ion is compl icated by predissociation to various 
repulsive s tates  of the O., molecule, result ing in the broadening of many of the ab ­
sorpt ion lines in the SR band system. The theoretical ca lculat ions  of Jul ienne 
(1976) concluded th a t  there should be a complex variat ion of predissociation 
l inewidth with both vibrat ional  and rotat ional  q u an tu m  numbers in the SR bands. 
Al though the predicted var ia tion of predissociation l inewidth as a function of vibra­
tion has been experimental ly verified previously (Frederick and Hudson (1979), Lewis 
et al. (1978, 1979) and Gies et al. (1981)),  the var ia t ion with ro ta t ion  has not yet 
been established and has therefore been invest igated in this work.
The most  recent determinat ions  of oscillator s t rengths  for the  SR bands  from 
photoabsorpt ion exper iments have been those of Frederick and Hudson (1979), Lewis
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F igure 1-1: Penetra t ion  o f solar u l t ra v io le t  rad ia t ion  in the atmosphere.
The  y-axis represents the a l t i tu d e  a t which  the in tens ity  of
solar rad ia t ion  a t vert ica l incidence is reduced by a fac to r  o f e. 
(A f te r  W a tanabe  (1958).)
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F igure 1-2: The measured absorp t ion  cross section o f a p o r t ion  o f the
Schumann-Runge bands o f O^, show ing the complex natu re  o f 
absorp t ion  in th is  region.
3et al. (1978, 1979, 1980), Gies et al. (1983), Yoshino et al. (1983) and Smith et al. 
(1984). Of these measurements ,  only those of Yoshino et al. (1983) were performed 
a t  sufficiently high resolution for the  observed cross section to be independent  of in­
s t ru men ta l  width,  allowing oscillator s t rengths  to be determined by direct integration 
of the measured absorpt ion cross sections. The other  studies,  along with the 
present  one, have all relied on some form of modelling procedure to determine
linewidths and oscillator s t rengths from the raw absorption data .  Slight dis­
crepancies exist between the various oscillator s t rength determinations .  Th e absolute 
values of Yoshino et al. (1983) cover only a portion of the SR bands  and therefore 
no complete and reliable set of experimental ly determined oscillator s t rength  values 
for the whole of the SR bands exists. An a t t e m p t  to determine such a set of oscil­
lator s t rength  values was made in the  present  work in conjunction wi th the predis­
sociation l inewidth measurements .
The second most  common isotopic form of molecular oxygen is 160 180  which
is, in fact, the sixth most  ab undan t  gas in the ea r th ' s  a tmosphere  after 14N 14N,
160 160 ,  Ar, 15N 14N and H.,0.  It lias been suggested by Cicerone and McCrumb
(1980) t h a t  absorption in the SR region of 160 180  could play a significant par t  in 
the  overall absorption and dissociation processes of molecular oxygen in the  a tmos­
phere, with consequent  impor tance  in atmospher ic  photochemist ry.  More recently, 
Blake et al. (1984) modelled the absorpt ion by ,60 180  based on the known 
parameters  for 160 o absorpt ion and concluded that  the effect of photoabsorpt ion by 
160 180  in the a tmosphere  would be much less than that  predicted by Cicerone and 
M cC ru m b (1980). There  is. however,  very little experimental  da t a  available on line 
positions and s trengths  in the SR region of H,0 1?s0 .  and thus  the disagreement be­
tween the predictions of Cicerone and M cC ru m b (1980) and Blake et al. (1984) has 
remained unresolved.
160 180  comprises 0.408% of atmospher ic  0 0 and must  therefore be included in 
any accura te  SR band absorpt ion model used in the generat ion of synthet ic spectra 
for compar ison with experimental  work performed using (X, of normal  isotopic abun­
dance.  An investigation of the line positions, l inewidths and oscillator s t rengths  in 
the SR band system of I60 180  was therefore carried out  to provide accurate 
paramete rs  for such a model and to resolve the aforement ioned disagreement  in a t ­
mospheric absorption predictions.
Th e isotopic species 180 2, while likely to be of little impor tance  in atmospheric 
photoabsorpt ion (it comprises only 0.0004% of atmospher ic  0 2), is of interest  in as­
sessing the accuracy and completeness of theoretical  models of the  oxygen molecule. 
Ideally, a comprehensive SR band absorpt ion model should be able to predict  ac-
4curately the observed spectra of all the isotopic species of molecular oxygen. The 
measurement of line positions and strengths in the SR bands of 180 2 is also neces­
sary for modelling the measured spectrum of 160 180  since any experiment involving 
the absorption of ultraviolet light in the SR region of 160 180  must also involve ab­
sorption by 160 2 and 180 2. The SR bands of 18(X were experimentally investigated 
in the same way as the SR bands of 160 180 .
As previously mentioned, the SR band system in natural oxygen has been 
studied extensively, and is thus fairly well covered by both theory and experimental 
measurements. The aims of the present work were to investigate the few remaining 
areas of uncertainty in the SR bands of 160 2, namely the exact form of the under­
lying continuum and the variation of predissociation linewidths with rotational quan­
tum number, and to experimentally examine the photoabsorption characteristics of 
isotopic oxygen, for which only minimal data  is presently available.
The end result of this work is a large body of consistent data  on the 
Schumann-Runge bands of the three isotopic oxygen species ieO^, 160 180  and 180 2, 
which should provide an accurate source of data  for theoretical modelling.
5CHAPTER 2
PHOTOABSORPTION SPECTROSCOPY
2.1 M olecu lar  Spectra
Molecules, like a toms,  have quant ized electronic energy levels. In addit ion,  
however,  molecules have energy levels tha t  are associated with vibrat ional  mot ions  
and rotat ional  mot ions.  To a good first approximat ion,  the total  energy of a 
molecule (apar t  from its t rans lat ional  energy and nuclear s t ructure)  is given by the 
sum of the electronic,  vibrat ional  and rotat ional  energies. Each of these modes  of 
mot ion is quantized and thus  the total  energy of a molecule assumes only certain 
definite values.
As a result of these addit ional  degrees of freedom, molecular spectra  are much 
more complex than  a tomic spectra.
2.1.1 Electronic Energy and Potent ia l  Curves
The a tomic nuclei in a molecule are held together by the electrons. Different 
electronic s tates  of the molecule are formed depending on the orbi tals in which the 
electrons are located.  Th e energy differences between these s t a tes  are of the  same 
order as for a toms  (1 to 20 eV). The electronic s t a tes  are designated IT. 77, A,... 
s t a tes  similar to 5,  P, D,.. .  s tates  in a toms.  The sum of the electronic energy and 
the  Coulomb potent ial  of the nuclei acts as the potent ial  energy under whose in­
fluence the nuclei carry out  thei r vibrations.  If this potent ial  energy has a min­
imum for some value of the  internuclear distance then the electronic s t a te  in ques­
t ion will be a s table s t a t e  of the molecule. The curves represent ing the var ia t ion  of 
the  potent ial  energy as a function of internuclear distance are referred to as poten­
tial curves. Figure 2-1 i l lust rates some potent ial  curves for the oxygen molecule,
each curve represent ing a different electronic s tate.
2.1.2 Classification of Sta tes
Th e component  of the electronic orbi tal  angular  m o m en tu m  along the  in ter­
nuclear axis in a  d iatomic molecule is represented by the angular  m o m en tu m  vector 
A.  The corresponding q u a n tu m  number  A can take  the  values
A =  0 , 1, 2 , L
6O. a  1 . 2  1 . 6  2 . 0  2 . 4
R ( A )
F ig u r e  2-1: Potent ial  curve d iagram for 0 2 showing the first five vibra­
tional levels of the ground X  2E '  s ta t e  and the first eight 
vibrat ional  levels of the upper fa 2E '  s tate.  The A' and B  
curves are RKR from Gibson (1983) and the 5/ / u, 377u, ! 77u
and curves are ab in i t i o  from Saxon and Liu (1977),
shifted to agree with experimental  observations.
where L is the  magni tude  of the orbi tal  angular  mom en tum  vector L. According as 
d =  0, 1, 2, 3.... the corresponding molecular  s ta te  is designated a A", 77, A, 0,.. .  
s tate.  E  s t a tes  are non-degenerate whereas  77. A.  0. .. .  s tates  are doubly degenerate 
since d can have values of +A or - A .
Th e spins of the individual electrons form a resul tant  S, the corresponding 
q u a n tu m  num ber  S  being integral  or half integral  depending on whether  the total  
number  of electrons in the molecule is even or odd.  For A ?  0 s tates  (77, A, 0, . . .) 
there is an internal  magnet ic field in the di rection of the internuclear axis resulting 
from the  orbi tal  mot ion of the electrons.  This magnet ic field causes a precession of 
S abou t  the  internuclear axis with a constant  component  E{h/2ir).  The allowed 
values of E  are
r = S ,  5 -  1, 5 - 2 ,  .... , - 5 .
E  is not defined for A = 0 states,  i.e. E  states.
I he total  angular  mom en tum about  the internuclear  axis /? is obtained by ad ­
ding A and E. Since A and E  both lie along the internuclear axis,  the quan tum  
number  f! is given by
n=\ a + e\.
For A=£ 0 there are 25+1 different values of d +  5  for a given value of A. 
These different values correspond to slightly different energies of the resulting 
molecular s tates .  25+1  is called the mul tiplicity of a s tate,  even for d = 0  states 
where E  is not defined.
In a diatomic  molecule any plane through the internuclear axis is a plane of 
symmetry.  The electronic eigenfunction of a non-degenerate s ta t e  (5" s tate)  therefore 
ei ther remains unchanged or changes sign when reflected in such a plane. Such 
s tates  are called E + and E '  s tates  respectively.
If the two nuclei in the molecule have the same charge then the  field in which 
the electrons move also has a centre of symmet ry .  The electronic eigenfunctions 
remain either unchanged or only change sign when reflected at  the  centre,  cor­
responding to ei ther an even s tate  or an odd s ta t e  and denoted by the subscript  g 
or u respectively (from the  German gerade and ungerade).
The Schum ann-Runge bands  arise from a single electronic t rans i t ion between 
the ground s t a te  X  3 .IT and the upper s tate  B  35 \  (The labels lA '  and ' B '  iden­
tify s tates  of similar electronic configurat ion,  with LX '  always denot ing the ground 
s t a te  configuration.) Figure 2-1 shows that  these two s tates  have an energy separa-
O
tion of more than  6 eY and therefore photons  of wavelength less than 2050 A are 
required for this t rans i t ion  to occur.
2.1.3 Coupl ing of Angular  Momenta
The different angu lar  mom en ta  in a molecule (electron spin,  electronic orbital 
angular  m om en tum  and angular mom en tum  of nuclear ro ta t ion)  form a resultant  
th a t  is designated J.  These different angular  m o m en ta  can couple in different ways 
which have been classified by Hund in his coupling cases (a), (b),  (c), (d). For the 
purposes of the present  work,  only cases (a) and (b) will be considered.
In H u n d ?s case (a) the electronic mot ion is coupled very s trongly to the line 
joining the nuclei and very weakly wi th the nuclear ro tat ion (see Fig. 2-2a). The 
angular  m om en tum  R  of nuclear rota t ion and H form the resultant  J .
In Hund 's  case (b) S  is very weakly coupled to the  in ternuclear  axis. In this
8R
F i g u r e  2-2: Vector diagrams for Hund's coupling cases (a) and (b). In
case (a), the precession of the internuclear axis is indicated by 
the solid-line ellipse and the much more rapid precessions of L 
and S  about  the internuclear axis are indicated by the broken-
line ellipses. The electronic spin S is coupled strongly to the
internuclear axis in this case. In case (b), the precession of 
the internuclear axis, represented by the broken line ellipse, is 
much faster than the precessions of N  and S about J ,  
represented by the solid-line ellipse. The electronic spin S is 
only very weakly coupled to the internuclear axis in this case. 
(After Herzberg (1950).)
9case the angular momenta A and R form a resultant TV, the total angular momen­
tum apart  from spin. The angular momenta N  and S form the resultant J ,  as 
shown in Fig. 2-2b.
Since f? is not defined for E states, they belong to Hund’s case (b). However, 
some coupling of the electron spin to the internuclear axis may occur for small rota­
tional quantum numbers. This situation occurs in the oxygen molecule where the 
low rotational levels are more accurately represented by a coupling case intermediate 
between Hund’s cases (a) and (b).
2.1.4 Energy Levels
The Schrödinger equation of a molecule may be written as 
HV= EV, ( 2 . 1 )
where H is the Hamiltonian, P is the total wavefunction and E is an energy eigen­
value of the molecule. The equation can be simplified using the Born-Oppenheimer 
approximation which suggests that  since the electrons in a molecule move much 
more rapidly than the nuclei, the two motions may be treated independently. The 
total wavefunction P can then be resolved into a product o f P£, the electronic mo­
tion wavefunction and P , the wavefunction of the nuclear motion:
P = P P n. ( 2 . 2 )
The molecular Schrödinger equation can then be separated into two equations:
H Pe e E Pe e
and
(2.3)
H Pn n E P .n n (2-4)
The general form of the energy levels for the nuclear motion may be derived from 
models such as the vibrating rotator.  Such models have been described in detail by 
Herzberg (1950).
The energy of the nuclear motion in a molecule E , may be divided into the 
vibrational energy E  and the rotational energy E . The total energy E  of a 
molecule can therefore be given, to a very good approximation, as the sum of three 
component parts
E - E  -t E + Ee v r
or, in wavenumber units,
(2.5 )
T= T + G + F.e ( 2 . 6 )
The vibrating rotator model gives G and F as:
10
G - w e(v +  - ) - a > eXe(e +  - ) 2 +  ^ eye( t; +  - ) 3 +  • • • (2.7)
F =  B vJ { J +  1 )  -  D vJ 2( J +  l ) 2 +  • • • (2.8)
where v is the vibrational quantum number, J is the rotational quantum number 
and the various coefficients are all constants depending on the particular electronic 
state being described: ug is the harmonic vibrational frequency, u> x and u>eyg are
anharmonicity constants and B and D are rotational constants. The first rota- 
tional constant Bv of a given vibrational level v is given by
^2 ____
Bv = ~ r - l i / r 2) ,  (2 .9 )
87r ' c / x
where (1 / r 2) is the mean value of 1 / r2 during the vibration. Thus Bv is actually 
an average value of the general rotational constant B. Bv can be expressed in 
terms of Bg, the B value at  the equilibrium internuclear separation r , as
Bv = Be -  a e(v + ~) + • ‘ * (21°)
where a g is a constant which is small compared to Bg since the the change in inter­
nuclear distance by the vibration is small compared to the internuclear distance it­
self.
Similarly, the second rotational constant (representing the influence of
centrifugal force) is the mean value for a particular vibrational s ta te  v. In a man­
ner analagous to Eq. (2.10) D can be expressed as
Dv = D e + ße(v + \ ) +  • • • (2.11)
where the constant 3 is small compared to D £.
The wavenumbers of the spectral lines corresponding to the transitions between 
two electronic states are given by
u = T - T  = (T ' -  T ”) + (G ' -  G") -+ (F' -  F"), (2.12)
where the single primed letters refer to the upper state and the double primed let­
ters refer to the lower state.
From the accurate measurement of line wavelengths in molecular spectra it is 
possible to derive the coefficients for the polynomial forms of G and F given above 
and hence to define line wavelength positions in terms of a set of spectroscopic con­
stants w , xe, ye, Bg, D f, o e, ß(. For some molecules, including oxygen, the line 
positions or term values cannot be accurately defined by polynomials of a low de­
gree. In 0 2 this is a consequence of the large anharmonicity of the B state
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and perturbation effects. It is then better to specify the constants G , B , Dv ex­
plicitly for each vibrational level. Such values have been presented by Fang et al. 
(1971) and Creek and Nicholls (1975). The triplet fine structure of the 3Z” states 
in 0 2 introduces the additional constants and n v resulting from spin-spin and 
spin-rotation interactions respectively.
The rotational levels of a diatomic molecule are classified according to the be­
haviour of the total eigenfunction with respect to reflection at the origin. A rota­
tional level is called positive or negative depending on whether the total eigenfunc­
tion remains unchanged or changes sign for such a reflection.
The vibrational contribution to the total  eigenfunction always remains un­
changed by reflection at the origin since it depends only on the magnitude of the 
internuclear distance.
2.1.4.1 Vibrational Wavefunctions
The Schrödinger equation can be written in radial form as
d2<£
— T  + | £ - n r ) ; * ,  = 0, (2.13)
d r "
where E  is the vibration-rotation energy, V(r) is the potential energy (determinable 
from the potential curve), ^  is the wavefunction of the vibrational level v and r is 
the internuclear distance. If the shape of the potential curve is known, Eq. (2.13) 
can be solved by numerical integration to determine the vibrational wavefunction for 
a given vibrational level.
2.1.5 Selection Rules
Transitions between different electronic states of a molecule are limited by 
selection rules. Some of these rules hold quite generally, independent of the cou­
pling case to which the electronic state under consideration belongs, while others 
hold only for a definite coupling case.
2.1.5.1 General Rules
For any atomic system the selection rule for the total angular momentum 
quantum number J  is
A J  = 0, ± 1  except that  if J = 0  then A J  ^  0.
Positive terms combine only with negative and vice versa, i.e.
+ <—* -  , + «--»-» + . -  H-* -
and, for identical nuclei, symmetric terms combine only with symmetric, and an­
tisymmetric only with antisymmetric, or 
s *—» s , a *—* a , s a.
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Finally, for a molecule with nuclei of equal charge, even electronic states combine 
only with odd, i.e.
g *—♦ u , g <-+-> g , u ♦-+-» u.
2.1.5.2 Rules Holding For Hund’s Coupling Cases (a) and (b)
The quantum number A obeys the selection rule
AA = 0, ±1.
E + states cannot combine with E '  states, i.e.
r +  —  r  +  E-  , e + ^ e \
In the coupling cases (a) and (b) the resultant spin S  is defined and the selection 
rule for the corresponding quantum number 5  is
A S  = 0.
In Hund’s case (a) the additional rules 
A E = 0  , Afl  = 0, ±1
hold. In Hund's case (b) the total angular momentum apart  from spin is defined 
and this is denoted by the quantum number N.  For this quantum number the 
selection rule
AN = 0 , ± 1
holds, with the restriction that  A . \  -  0 is forbidden for E - L  transitions.
2.1.6 The Dipole Moment
The electric dipole moment D of a molecule is given by
® = E v i '  (214>
where r. is a vector from the point at which the dipole moment  is being defined to 
the charge The dipole moment can be expressed as the sum of contributions
from the electrons and the nuclei:
D = D  + D n (2.15)
I
In the case of a diatomic molecule with nuclei of equal charge (such as 160 o or 
160 180 ) ,  D n will clearly be zero. i.e. such molecules do not have a permanent  
electric dipole moment.
If the molecule interacts with an electromagnetic wave, the probability of a 
transition between an upper state U and a lower s ta te  L produced by the inter­
action is proportional to the square of the matrix element R l L of the dipole mo­
ment, given by
13
R UL = J0 <D*Lir, (2.16)
where ^  and are the total wavefunctions of the upper and lower states respec­
tively and dr is a volume element of the system. If R ^ L is non-zero for the two 
states, they combine with a certain probability with emission or absorption of radia-
still occur if the matrix elements of the quadrupole moment or magnetic dipole mo­
ment are non-zero. Quadrupole transition probabilities are only ~ 10'8, and mag­
netic dipole transition probabilities only ~  10'5 of dipole t ransition probabilities. 
The Schumann-Runge transition is a dipole allowed transition and therefore the 
electronic transition moment Rg will be specifically referred to as the dipole moment 
De where the SR transition in particular is being discussed.
2.1.7 Intensity Distribution
2.1.7.1 The Franck-Condon Principle
The observed intensity distributions in absorption band series are largely ex­
plained by the Franck-Condon principle which states the following: the electron 
jump in a molecule takes place so rapidly in comparison to the vibrational motion 
that immediately afterwards, the nuclei still have very nearly the same relative posi­
tion and velocity as before the ‘jump' .  The most probable t ransit ions can thus be 
determined by examining the potential curves for the molecule. A molecular oscil­
lator spends most of its time in the region of the classical turning points and there­
fore a transition is most likely to occur from a turning point of the ground state to 
a turning point of the upper state. On a potential curve diagram, therefore, the 
most probable transition from a particular vibrational level of the ground state is
represented by a vertical line from its endpoint (or its centre in the case of the zero
vibrational level) to the upper level curve. Transitions to vibrational levels with 
turning points nearest to this vertical line will have the greatest probability and
thus result in the most intense spectral lines. In terms of quantum mechanics, the 
larger the overlap between the ground and upper state vibrational levels, the larger 
the Franck-Condon factor and hence the stronger the transition. The Franck- 
Condon factor qv-v- is given by
tion. If is zero, the transition is forbidden as a dipole transition, but may
(2.17)
where ^ . is the vibrational wavefunction of the vibrational level v'  of the upper
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state, and & . is the vibrational wavefunction of the level v" of the lower electronic
V
state and r is the internuclear distance.
2.1.7.2 Band Strengths
A quantity frequently referred to in molecular spectroscopy is the band 
strength, given by
d r | 2 , ( 2 . 18)
where the terms are all as previously defined. The electronic transition moment 
/?e(r) is often represented empirically by
= E  v "  (2 1 9 >
n
If a transition moment of this form is used in Eq. (2.18), the expression can be 
greatly simplified by the r-centroid approximation, first suggested by Fraser (1954). 
The r-centroid is defined by
f . „ =  /  & .rtf' .dr / /  .dr. (2.20)v v j v v / j v v  v /
The r-centroid, in a sense, therefore represents an average internuclear separation for 
the v " —*v'  transition. Fraser et al. (1954) performed numerical calculations, using 
Morse potentials, which showed that
| / * , . r " * „ . d r |*  *  [ ( % . . . n V „ . ,  (2.21)
where qv-v- is the Franck-Condon factor defined in Eq. (2.17). This has since been
found to hold for many bands of many systems. The r-centroid approximation,
based on these numerical observations, is that
(2.22)
This approximation has been the subject of much debate ever since its introduction.
For a transition moment of the form given in Eq. (2.19), the r-centroid ap­
proximation allowrs the band strength in Eq. (2.18) to be written as
!*(V„->!V (2.23)
This simplification can be qualitatively interpreted as meaning tha t  the main con­
tribution to the integral in Eq. (2.18) is from the region near the r-centroid. 
Equation (2.23) is often written as
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qv ' v~ ' (2.24)
b u t i t  should be rem em bered th a t the r-ce n tro id  a p p ro x im a tio n  is im p lic it  in th is  
equation  and therefore  the  s tr ic t ly  co rrect fo rm  is Eq. (2.23).
2.1.7.3 L ine S trengths
In de te rm in in g  the s treng th  o f a single ro ta tio n a l line , the recomm ended con­
ventions o f W h it in g  et al .  (1980) have been adopted .
A  single ro ta tio n a l line  is produced by the a llow ed tra n s itio n s  between a ll the 
m agne tic  substates o f tw o  ro ta tio n a l levels. In a E  s ta te , a ro ta tio n a l level is 
specified by the v ib ra t io n a l quan tum  num ber v, the  ro ta tio n a l q u a n tu m  num ber J , 
and a single com ponent o f the spin m u lt ip le t.
The to ta l w ave functions  in Eq. (2.16) are com p lica ted  fu nc tio ns  o f e lectron ic, 
v ib ra t io n a l and ro ta tio n a l variab les and q u a n tu m  num bers. R ea lis tic  app ro x im a tion s  
to  the to ta l w ave functions  are therefore  made to  s im p lify  th e ir  a p p lic a tio n . The
Born-O ppenhe im er a p p ro x im a tio n  has a lready been in troduced  in d e te rm in in g  Eq. 
(2 .2). The nuclear m o tio n  w ave function  can usua lly  be a pp ro x im a ted  by a 
p ro du c t o f ro ta tio n a l and v ib ra tio n a l w ave functions  (P a u lin g  and W ilson  (1935)). 
The  to ta l w ave function  is therefore  usua lly  app ro x im a ted  by
!P=  (2.25)
Using th is  a p p ro x im a tio n , W h it in g  and N icho lls  (1971) derived  an expression fo r the 
s treng th  o f a single ro ta tio n a l line:
s j j -  =  % - v - R f s j j - ’ (2 26)
where Sj  j - is the ro ta tio n a l line  in te n s ity  fa c to r, also know n as the  H ön l-London  
fa c to r. The H ön l-London  facto rs have been ca lcu la ted  by va rious a u th o rs  fo r m ost 
types o f e lectron ic tra n s itio n . The H ön l-London  facto rs  app licab le  to  the Schum ann- 
Runge tra n s itio n  have been ca lcu lated by T a tu m  and W atson  (1971), who deter­
m ined the facto rs  fo r e lectric  d ipo le  tra n s itio n s  and inc luded H und 's  coup ling
cases (a ), (b) and in te rm e d ia te  (a )-(b ).
F or E - E  tra n s itio n s , the H ön l-London  fac to rs  sa tis fy  the sum ru le
y ^ S J .J . =  ( 2 S + l) ( 2 J +  1). (2 27)
(F o r o the r tra n s itio n s  the  sum is increased by a fa c to r o f 2 due to  d -type  
d o u b lin g .) The sum m ation  is over a ll allow'ed tra n s itio n s  from  (or to ) the group o f 
(2 5 + 1 )J  levels w ith  the same value o f J ' o r J " .  In d iv id u a l H ön l-L on do n  facto rs 
are usua lly  norm alised by d iv id in g  by the sum in Eq. (2 .27).
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Comparing Eqs. (2.26) and (2.24) shows that the line strength is related to 
the band strength by the Hönl-London factor, i.e.
SJ T = S. V SJ T -  (2 28>
2.1.7.4 Oscillator Strengths
Experimental da ta  is more often expressed in terms of oscillator strength; a 
dimensionless quantity which represents the degree to which the ability of the 
molecule to absorb radiation of wavelength A resembles such an ability on the part 
of a classical oscillating electron, oscillating with frequency c / A. The total oscillator
strength for a given electronic transition L —>U is given by (Herzberg (1950))
jVL 8n2mc
Zhe2XITI
<UL,2 (2.29)
where m  and e are the mass and charge of the electron, c is the speed of light, h 
is Planck’s constant, XUL is the wavelength corresponding to the transition and R LL 
is the total matrix element defined in Eq. (2.16).
In experimental spectroscopy, the simplest spectral element usually observed is 
a single rotational line. The oscillator strength of a single line, in terms of the line 
strength determined in Eq. (2.26), is
h r
8n~mc
-----------------5 . .  .
Zhc2X j . j .
(2.30)
The band oscillator strength is similarly related to the band strength by
8n ‘'mc
f  . . = ------------ 5 . .
v * Zhe2X . . v v
V V
(2 .31 )
8 7T * me 
Zhe~X .
( r ) ^ .d r ! 2.
The line oscillator strength in Eq. (2.30) can be expressed in terms of the band os­
cillator strength by combining Eqs. (2.28) and (2.31) as
h ’J" = (2.32)
If the Hönl-London factor in Eq. (2.32) has been normalised, then clearly the sum 
of all the line oscillator strengths in a given band will give the band oscillator 
strength.
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2.1.7.5 Intensities of Electronic Transitions
Experimentally, the absolute intensity of electronic transitions is usually deter­
mined from the absorption spectrum, since for emission it is difficult to determine 
the number of molecules in the excited state. The absorption coefficient k(v) is 
defined by the relation
/ =  j ° e -k(^)Axv v ’ (2.33)
where and Iy are the intensities before and after transmission through a column 
of length Ax  of the gas.
For small Ax  the light absorbed by the transition L —> U is given by
(2.34)
° ■Axj
The integrated absorption coefficient is given by (Herzberg (1950))
8*  uvl
(2.35)
where N L is the number of molecules in the lower s ta te  L and i>UL is the wavenum­
ber of the transition. This equation allows the experimental quanti ty f  k(iy)dL> to be 
compared with the theoretical quantity K LL. The integrated absorption coefficient 
is related to the oscillator strength defined in Eq. (2.29) by
.., me" 1 f
/  L = — T T -  (2,36)
n e ~ . \ L J
2.1.7.6 Thermal Distribution of States
The observed intensity of a spectral line depends not only on the inherent line 
strength and the wavenumber u. but also on the number of molecules in the initial 
state.
For a sample of gas in thermal equilibrium at a temperature T, the number of 
molecules in a particular vibrational s ta te  of energy £’i is proportional to the 
Boltzmann factor e'Ev^kT, where k is Boltzmann's constant.
The thermal distribution of rotational levels is not given simply by the 
Boltzmann factor. Since each state of an atomic system with total angular momen-
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tum J  has a (2J-r 1 )-fold degeneracy, its statistical weight is (2 J -f l )  times that of a 
state with J — 0. The number of molecules N j  in the rotational level J of the 
lowest vibrational state at the temperature T  is thus proportional to the weighted 
Boltzmann factor o, given by
a =  (2 J + \ ) e F^ hc/ kT, (2.37)
where F(J ) is the rotational energy term (in units of cm'1) given by Eq. (2.8).
The variation of intensity of the lines in a rotation-vibration band as a func­
tion of J  is given essentially by the thermal distribution of the rotational levels.
2.1.8 The Schumann-Runge Bands
160 2 is a homonuclear molecule and as a result the total eigenfunction either 
remains unchanged or only changes sign for an exchange of the two nuclei, with the 
state being correspondingly designated symmetric or antisymmetric. For even 
electronic states such as E , the positive rotational levels are symmetric and the 
negative rotational levels are antisymmetric and vice versa for odd  states such as
r .
The nuclei in an oxygen molecule have zero nuclear spin and consequently an­
tisymmetric rotational levels are missing. Therefore, in the ground (A' 3E )^ state 
only positive rotational levels occur and in the B  3IT state only negative rotational 
levels occur.
Figure 2-3 shows an energy level diagram for a ?E'^-3E'u transition. N  is the 
rotational quantum number corresponding to the total angular momentum apart 
from spin. In a 3E  state, for each value of A except Ar=0, there are three sub- 
levels designated P , F2. P3 depending on whether the quantum number J  (total an­
gular momentum including spin) is N-f l ,  N . or TV— 1 respectively. The selection 
rules applicable to a 3E - 3E  transition are
A J =  0, ± 1  . A N = ±  1 , 5 «H-» a ,
The two symmetry rules are automatically fulfilled in 0 0 due to the occurrence of 
only positive rotational levels in the ground state and only negative levels in the 
upper state as mentioned previously. The selection rules for J  and Ar result in the 
twelve branches P}, Pv  Py  R v  Rv  P 3 and PQ 2V PQ 2 3 , PP 13, ^ 3 2 ’ R^z\
shown in Fig. 2-3. (Quantum numbers that reduce by 1 are labelled P, unchanged 
Q and increasing by 1, R.) According to well known intensity rules (Herzberg 
(1950)), the branches with AJ  ^ A N  have rapidly decreasing intensities wdth increas­
ing J. These are the satellite branches. The main P  and R  branches with A J = A N  
have a regular intensity distribution as a function of J.
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Figure 2-3: Energy level diagram for a 3U J - 3i J ‘ band. The figure has
been drawn to scale for the (15-0) fiand of the Schumann-
Runge system. The vertical lines representing the transitions 
are drawn in such a way tha t  their projections below give a 
representation of the spectrum. The main branches are in­
dicated by the full lines, the satellite branches by the broken 
lines, and the "forbidden" branches (with A N = ± 3 )  by dotted 
lines. Estimated intensities are indicated by different heights 
of the lines in the schematic spectrum. (After Brix and 
Herzberg (1950).)
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The selection rule ZLV = ± 1 may be violated as a result of spin-orbit inter­
action. Transitions with A N  = ±  3, have been observed by Brix and Herzberg (1954) 
for the higher vibrational SR bands. These branches are denoted TR  and and 
are included in Fig. 2-3.
In summary, a given vibrational band in the SR system consists of a series of 
rotational lines with only odd numbered values for N"  and only even numbered 
values for N' .  Each rotational level is split into triplet components and the selec­
tion rule requirements result in six major branches occurring in a given 
B 3E ’- X  transition. The much weaker satellite branches are only observed foru g J
low rotational values.
2.1.9 Isotopic Effects in Molecular Spectra
In isotopic species of homonuclear molecules, such as 160 180 ,  the cause for the 
division of rotational states into symmetric and antisymmetric ones disappears since 
by exchange of the nuclei the configuration of the molecule is no longer indistin­
guishable from the original one. Hence there is no missing of every alternate rota­
tional line in the spectrum of 160 180  as there is in 160 o.
The vibrational frequencies of isotopic molecules will obviously be shifted. If 
harmonic vibrations are assumed, the classical vibrational frequency u; is given by
-Vkhi,
2n
(2.38)
where k is the force constant and p is the reduced mass. Since k is determined by 
the electronic motion only, it is exactly the same for different isotopic molecules, 
w'hereas p. is different. If we use the superscript i to distinguish an isotopic 
molecule (following the notation of Herzberg (1950)) we have
— - \ / p j p 1 = p. (2.39)
U>
Clearly, the heavier isotopic molecule will have the lower vibrational frequency and 
therefore the vibrational levels within a given electronic state will be shifted to 
lower energies. The formulae for the vibrational energy levels (see Eq. (2.7)) are, 
to a good approximation (Herzberg (1950)),
4  2 ) -  u;eXf ( i ; - r  2 )* ^  u;f y e( i ; - r  2 )°  ~  * ' ‘ (2 -4 0 )
Gl(i’) = pu)e(v -t 2) -  p ~ uex e(v + ~)2 -I- p3u ey g(v  -(- - y  + • • • (2-41)
The value of p for 1C0 180 ,  160 2 is 0.97176 and for 180 0, 160 0 it is 0.94268.
The internuclear distances and force constants in diatomic molecules are deter-
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mined entirely by the electronic structure and are therefore exactly equal in isotopic 
molecules provided no vibration occurs. However, since the reduced mass /z, and
therefore the rotational constant B=/z/87r3<>r3, is different, the rotational terms of 
two isotopic molecules will be different. Noting tha t  ß ' = / i/8^3c/zr3 = p3B and using 
the approximation of Dunham (1932) tha t  D ' - p 4D, the term series are given by 
(see Eq. (2.8))
F= BvJ{J+ 1) -  Dvß ( J +  l )2 + • • •  (2.42)
F'  = p2BvJ{J+ 1) - p 4DvJ2(J+ 1)2 + • • •  (2.43)
The rotational lines in a given vibrational band of an isotopic molecule therefore do 
not have the same separation as the lines in the corresponding band of the ‘regular7 
molecule. In other words, the isotope displacement between corresponding lines of 
the two bands is not independent of J  but varies slightly. Since the rotational 
term F  is small compared to the vibrational term G, the rotational isotope shift is, 
in general, small compared to the vibrational isotope shift.
2.1.10 Predissociation
The overlapping of the discrete energy levels of one electronic state with the 
continuous range of levels of another state, corresponding to dissociation of the 
molecule, is often present in a molecule. A radiationless transition from a discrete 
state  into such a dissociated state may occur. This process is known as predissocia­
tion.
From energy considerations alone, predissociation is possible for all the discrete 
states of a molecule tha t  lie above its lowest dissociation limit. However, the prob­
ability of the radiationless transition into the dissociating state is so small in a 
diatomic molecule, tha t  long before the decomposition would have taken place, the 
molecule has already gone over into a lower-lying stable state with emission of 
radiation. For predissociation to become probable, certain selection rules must be 
fulfilled.
These selection rules were originally determined by Kronig (1928) and have 
been outlined by Herzberg (1950). The electronic s tate  selection rules, as sum­
marised by Julienne and Krauss (1975), are
AA — 0, ±1 and AS  = 0, ±1
and, in addition, for homonuclear molecules
g u.
In addition to these selection rules, the Franck-Condon principle must be con-
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sidered for rad iationless as well as for rad ia t ive  trans it ions . In semi-classical terms 
i t  is clear th a t  for a radiationless tra n s i t io n  also, the posit ion  and ve loc ity  o f  the 
nuclei cannot a lte r  appreciab ly a t the m om en t o f the t ran s it ion .
The F ranck-C ondon  princ ip le  c learly holds when the po ten t ia l  curves o f  the 
p a r t ic ip a t in g  states in tersect, i.e. when the in i t ia l  molecular state is in the neigh­
bourhood o f the po in t  o f intersection w i th  the d issociating state, a t ra n s i t io n  to  th a t  
state is possible w i th o u t  appreciable a l te ra t io n  of position or m om en tu m . The  t ra n ­
s it ion  has a certa in  p ro b a b i l i ty  o f ta k ing  place depending on the types o f e lectronic 
states invo lved.
For the B  sta te o f 0 o there are f ive  repulsive electronic states w h ich  could 
possibly cause predissociation. They are the 5F/u, 3H U, */7 , and 23T'u"t The
p o ten t ia l  curves for these states are shown in Fig. 2-1.
2.2  P h o to a b s o r p t io n
2.2.1 Beer’s Law
The absorp t ion  coefficient k( i / ) ,  defined in Eq. (2.33), can be expressed in 
te rm s of the cross section for an in d iv id u a l  gas molecule, cr(u). I f  there are n gas 
molecules per u n i t  vo lume then the abso rp t ion  coeff ic ient is given by
k(is) = ntj ( i>) (2.44)
and Eq. (2.33) for the tra n sm it te d  l igh t  in ten s ity  becomes
l v =  j O e-na(u)Az^ ( 2 .45)
which  is known as Beer's law.
The  osc il la to r  s trength  can be expressed in te rm s o f u) by co m b in ing  Eqs. 
(2.44) and (2.36) as
9 .
. . .  m c~  77 /
f LL = — 7  T T  /  o[u)du.
7re “ * ’ i '
A p p ly in g  th is  equation to  0 o, no t ing  
popu la t ion  o f the v " = 0  level is 0.9994 
stants, the band osc il la to r  s trength  for a
(2.46)
th a t  at 300 K the f rac t iona l Bo ltzm ann  
and using the known values for the con- 
i ’ " = 0  SR band is given by
/ t / 0 1.131 x 1012 (2 .47)
where the in teg ra t ion  is performed over a ll ro ta t io n a l  lines belonging to  the ( t f - 0 )  
band.
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2.2.2 Line Profiles
Observed spectral lines, both in emission and absorption, are never infinitely 
sharp. The shape and width of an absorption (or emission) line depend upon the 
mechanisms broadening the line. These are natural broadening, the Doppler effect 
and collision broadening. In the SR bands of 0 0, predissociation broadening is also 
important.
2.2.2.1 Natural Broadening
Natural line broadening in an absorption process results from the finite lifetime 
of the excited state. According to Heisenberg’s uncertainty principle
AEA t  ~ h, (2.48)
where A E  is the uncertainty in the energy and At is the uncertainty in the lifetime 
of the state. The finite lifetime of an excited state therefore results in a spread of 
energy for that  state. The ground state has an infinite lifetime and therefore is of 
a definite energy.
The line shape resulting from natural broadening, as a function of the 
wavenumber v, takes the form
2 1
™ N  1 +  ■*(!"-
(2.49)
where w N (cm'1) is the full width at half maximum (FWHM) given by
47ret
(2.50)
where t is the lifetime of the excited state. v0 is the wavenumber at  the centre of 
the line.
2.2.2.2 Doppler Broadening
The random thermal motion of the atoms or molecules in a gas results in the 
Doppler shift of the frequencies of absorbed or emitted light. The resulting
lineshape is Gaussian and takes the form
pdm  = ■ exp{ —
7T
(2.51)
where uQ is the wavenumber of the line centre and wD (cm'1) is the FWHM given 
by (Penner (1959))
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wD = (8kT\n 2/Mc2)l/2vQ, (2.52)
where M  is the mass of the molecule, k is Boltzmann’s constant and T  is the tem­
perature of the gas.
2.2.2.3 Collision Broadening
Collisions between gas molecules can result in the broadening of spectral line 
profiles. In some cases, collisions may allow forbidden transitions to occur. The 
line profile resulting from collision broadening (also known as pressure broadening) is 
Lorentzian, with a FWHM, in units of cm '1, given by
1
wC 2 net
(2.53)
=  Y~Vz/kMT,
where t (sec) is the time between collisions, p (Pa) is the gas pressure, d (metres) 
is the effective collision diameter, c (cm/sec) is the speed of light and M  (kg) is the 
mass of the molecule.
2.2.2.4 Predissociation Broadening
The effect of predissociation on molecular spectra is to broaden the spectral 
lines in the region of the potential curve intersection. The lifetime of the discrete 
s tate  is effectively reduced when the alternative decay mechanism of predissociation 
is available to it and the associated spectral line is therefore broadened in a manner 
similar to natural line broadening. The resulting line profile was shown to be 
Lorentzian by Rice (1930, 1933). The more recent investigation of Julienne (1976) 
has suggested that some small departures from a Lorentzian profile are possible, but 
tha t  on the whole, a Lorentzian profile provides an adequate description of a predis­
sociation broadened spectral line.
2.2.2.5 The Voigt Profile
The combination of Doppler and Lorentz broadening results in a line profile 
tha t  is a convolution of the two and is known as a Voigt profile, given by (Penner 
(1959))
PH
P'
2
e '2
a~ -T ( u - x ) ‘
dx (2.54)
where
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u = (2.55)
v is the wavenumber under consideration, is the wavenumber of the line centre, 
F\u ) represents the absorption coefficient at  wavenumber i/, P'  is the absorption 
coefficient at  the line centre of the equivalent Doppler line and a is a dimensionless 
mixing parameter given by
V\n2
where wL is the Lorentz FWHM and wD is the Doppler FWHM.
(2.56)
2.2.3 Curves of Growth
The ideal method of making independent determinations of the strength, shape 
and width of a spectral line would be to use a monochromator of sufficiently high 
resolving power to observe directly the true line shape. For an instrument  of insuf­
ficient resolving power, some form of modelling procedure must be employed to ob­
tain all of the above parameters from the observed shape of a given spectral line. 
One such method is to measure the equivalent width of a line and then use a curve 
of growth to determine its oscillator strength.
The equivalent width of an absorption line is the width of a rectangle of unit 
height having the same area as that enclosed by the absorption line. In wavenum­
ber space, the equivalent width IV’ of an absorption line is given by
r o c
W=  / (1 -  e Pi'u]X)du, (2.57)
J -O O
where P[u) is the absorption coefficient at wavenumber v and X  is the optical den­
sity of the absorbing gas, i.e. the product of the path length and the gas pressure.
The Doppler FWHM wD, given in Eq. (2.52), can be used to define a dimen­
sionless equivalent width \ V  by the relation
2 W /-------
W ' = — V In 2 / jt. (2.58)
WD
Penner (1959) gives computed results for W'  as a function of P ' X  for various values 
of the mixing parameter a (introduced in equations (2.54) and (2.56) respectively). 
These are the so called curves of growth for spectral lines with both Doppler and 
Lorentz broadening. The curves of growth for an idealised absorption line are 
shown in Fig. 2-4. For a small optical depth A”, the equivalent width is independ­
ent of the character of the line profile; i.e. W'  is independent of a for small P'X.
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For much larger optical depths, when the line peak becomes fully absorbed, only the 
wings can contribute to the growth in equivalent width and since the Lorentz profile 
has more prominent wings than the Doppler profile, as clearly shown in Fig. 2-5, it 
grows much faster. Hence, the greater the Lorentzian character of the line, (i.e. the 
larger the value of the mixing parameter a),  the more rapidly the equivalent width 
increases as a function of optical density, as seen in Fig. 2-4. Under these con­
ditions of large P'X ,  the curve of growth becomes a straight line with slope 1/2,
1with lines of different mixing parameter a being displaced by “loga.
Every absorption line is characterised by its own curve of growth, defined by 
P ' X  and a. Absorption measurements for low optical densities are independent of a 
and therefore directly measure P'X.  At higher optical densities the absorption is 
much more dependent on a than on P ' X , so a pair of absorption measurements for 
a given spectral line, one made at  low optical density and the other a t  high optical 
density, can be used to deduce values for P ' X  and a.
The line oscillator strength f j  j- is related to the absorption coefficient P[u) 
by Eq. (2.36). In terms of P 'X  and using the ideal gas equation n —p / k T , the line 
oscillator strength is given by (Lewis et al. (1978))
P ’ X T 3/ 2
I j . j .= 1.577X10-3 ' , (2.59)
where T  (K) is the temperature of the absorbing gas. p (torr) is the gas pressure, / 
(cm) is the absorbing path length and ä is the weighted Boltzmann factor. The 
equivalent band oscillator strength is then given by
P'  VT3/ 2
/  . . =  1 .577xl0'3 — :---------u n . (2.60)
' v v p lo tS 0 ' V 1
where S is the correctly normalised Hönl-London factor for the line.
The value of P 'X  for a given absorption line, determined from its curve of 
growth, can thus be used to calculate the line oscillator strength. The mixing
parameter  a, determined in conjunction with P ' X , provides the Lorentzian width of 
the line from Eq. (2.56).
2.3 C on stru ction  o f  a S y n th e t ic  Spectru m
The thorough analysis of a complex absorption spectrum such as the SR region 
of O,, (i.e. determination of both the oscillator strength and linewidth of individual 
lines), requires the development of an accurate synthetic spectrum. If the in­
strumental  resolution is less than the observed linewidths under study, then oscil­
lator strengths may be determined by direct numerical integration of the measured
27
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cross section. The true linewidths, however, cannot in general be so directly deter­
mined due to such factors as unresolved multiplet splitting or overlapping of 
spectral lines. In cases where the instrumental resolution is equal to or greater 
than the linewidths, a modelling technique must be invoked to determine the line 
oscillator strengths as well as the actual linewidths.
The comparison of synthetic spectra with observed spectra facilitates correction 
for such phenomena as underlying continua and pseudo-continua caused by extensive 
line broadening, as well as the previously mentioned multiplet splitting and line 
overlapping. An accurate model should be able to correctly predict the observed 
spectrum for any given set of experimental conditions.
2.3.1 Line Positions
The wavelengths of individual rotational lines may be calculated using spectro­
scopic constants derived from accurate measurements of line positions. Such genera­
tion of line positions is not possible, however, if perturbations are present, in which 
case the actual measured wavelengths must be used directly in the synthetic spectral 
construction.
2.3.2 Line Strengths
The strength of a given rotational line can be calculated from the Hönl-London 
factor, the weighted Boltzmann factor and the equivalent band oscillator strength. 
The oscillator strength creates a problem since its determination generally requires 
the final synthetic spectrum. However, a preliminary value based on either theoreti­
cal predictions or previous measurements can be used initially, then later improved 
as more accurate values are derived. It becomes increasingly evident that  it is a 
fundamental characteristic of synthetic spectral construction that  the parameters ob­
tained with the aid of the model are subsequently used to further refine the model.
2.3.3 Line Profiles
In general, absorption lines measured at room temperature  are best represented 
by a Voigt profile. The exact calculation of Voigt profiles is very time consuming 
and therefore a number of numerical and analytical approximations have been 
derived to facilitate more rapid evaluation of the Voigt function. The second ap­
proximation of Whiting (1968) was used in the present work. In this approximation 
the Voigt profile is represented by
P{u) o y
—  = / A (l-y)exp(-2.772*-) + ------ - (2.61)
F  o 1 + 4 z l
9 9r 10
+  0.016y(l —y) [exp(-0 .42 i 2 j ) ------------—  ],
10 +  - “•“5
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where /  ^ is the intensity at the line centre, AQ is the wavelength of the line centre, 
y - w L/ w y (wL is the Lorentz FWHM and w y  is the Voigt FYVHM) and 2 =(A-AQ)/u;r  
(Note that Eq. (2.61) reduces to the Gaussian profile when w L/ w y  =  0 and to the 
Lorentzian profile at w L/ w y — \ , i.e. the expression is exact at those limits.) The 
Voigt FWHM w y has been approximated by Whiting (1968) as
W , ____________
WV = Y +X^W^ A + WD (2-62)
or, in terms of the mixing parameter a, as 
WL / ---------------"
wy = —  (1 + V 1 + 4ln 2 /a 2 ). (2.63)
The intensity at the line centre I\  is approximated by
0
I x = VTÜTVÖ) y[l -  y ( l  —^ = z )  -  O.088y(l-y)]. (2.64)
0 V 7raln 2
Whiting (1968) found that a profile determined using the above approximations
matched the true Voigt profile to w'ithin 5% at worst and generally to within 3% 
or less. Errors in integrated profiles (equivalent widths) will be considerably 
smaller.
2.3.4 The Instrument Profile
In vacuum ultra violet (Vl'V) spectroscopy the spectral line width is often less 
than the instrumental resolution and the observed spectrum is therefore instrument 
dependent. If the instrument width is larger than the line width then the observed 
line appears broadened, with a corresponding decrease in peak height to maintain 
the same overall line area. The inherent line profile for a given instrument is
generally determined by observing a sharp spectral line (i.e. a line considerably nar­
rower than the instrument width) and fitting the measured profile with an analyti­
cal function, usually of Gaussian or triangular form. The observed transmittance
t ' ( v) for an isolated spectral line centred at wavenumber uQ is given by
r oc
t ' {v ) =  r ( v ) g ( v - v Q) du,  (2.65)
where r(i/) is the true transmittance at wavenumber u and g[v -  vQ) is the instru­
ment function.
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2.4 An 0 2 A b sorp tion  M odel
The general considerat ions outl ined in the previous section were applied specifi­
cally to oxygen and combined in a large computer  program able to generate a  syn­
thet ic O 0 absorption spect rum for use in d a t a  analysis.
2.4.1 Line Posit ions
Spectroscopic constants  for the ground s tate of 0 „  were taken from Veseth and 
Lofthus (1974). These constants  were used together  with the line position measure­
ment s  of Yoshino et al. (1984) to generate spectroscopic constants  for the B  3 AT 
s tate.  For levels with v ' > l l  it was necessary to perform a six pa rameter  fit which 
included a centrifugal contr ibution to the spin-rotat ion spl it t ing const ant  of the  form 
Hj The spectroscopic constants  for both  the X  3 AT and B  3AT states,
tabula ted  in Appendix A . l ,  were used to generate line wavelengths  for lines with 
t>' = 0-15. These calculat ions were in good agreement  wi th the measured line posi­
t ions for these bands.  The fine s t ructure  paramete rs  A and // were deduced from 
the measurements  for v ' — 0-2 and interpolated values were forced for v '  = 3-8. The 
constant  D is not always  accurately determined for v '  — 0-9 so the values obtained 
by Creek and Nicholls (1975) were forced into the  fit for these bands.  Rotat ional  
per turbat ions  prevent  the  accura te  determinat ion of line positions from spectroscopic 
constants  for v '> 1 6 .  For these bands  the line wavelengths  were taken directly from 
the measurements  of Yoshino et al. (1984) or calculated from combinat ion dif­
ferences. In cases where there was no direct or indirect experimental  da t a ,  cal­
culated wavelengths  were used for c ' > 1 6  lines. The uncer ta inty  in these calculated 
values created the most  serious l imi tat ion of the  model in this spectral  region. 
Wavelengths for the t’ "=l lines were calculated from the v" — 0 line wavelengths and 
the ground s ta t e  energy levels.
The posit ions of isotopic lines were taken from the measured values of this 
work and,  where necessary,  the predictions of Blake et al. (1984). The inclusion of 
isotopic lines was found necessary even for oxygen of normal  isotopic abundance,  
where low rota t ion 160 180  lines are of comparable  s t rength  to high ro tat ion 160 0 
lines. In fact, one of the  initial reasons for inves tigat ing the SR bands  of isotopic 
oxygen was to obta in accura te  parameters  for 160 180  absorpt ion to include in the 
O 0 absorpt ion model.
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2.4.2 Line Strengths
The weighted Boltzmann factors were calculated from the ground state energy 
levels published by Veseth and Lofthus (1974).
Hönl-London factors were taken from Tatum  and Watson (1971) for 3Z” - 3L '  
transitions with coupling intermediate between Hund’s cases (a) and (b). The 
transformation coefficients were determined from the energy levels of Veseth and 
Lofthus (1974) for the ground state, and the B  state levels determined as described 
above.
Equivalent band oscillator strengths were initially taken from the theoretical 
values of Allison (1975) which included the effects of centrifugal distortion. These 
initial values were later replaced by experimentally measured values and re-analysis 
was performed as described in Section 2.3.2.
2.4.3 Line Profiles
The second approximation of Whiting (1968), as outlined in Section 2.3.3, was 
used to compute the Voigt profiles of the individual rotational lines. The linewidths 
were initially taken from the work of Lewis et al. (1978, 1979) and Gies et al. 
(1981). These values were gradually improved in a similar way to the oscillator 
strengths.
For absorption line measurements at gas pressures approaching one atmosphere 
it w-as found necessary to include a pressure broadening coefficient in the model in 
order to accurately reproduce the observed profiles. The preliminary results of an 
experimental investigation of pressure broadening in O., performed in this laboratory 
suggested tha t  a pressure broadening coefficient of 0.21 cm '1 /atm . was appropriate 
for the lower SR bands. This value is an order of magnitude greater than the gas 
kinetic pressure broadening coefficient of ~ 0.02 cnV '/a tm , and 30-40% less than the 
assumed value of Cann et al. (1979).
2.4.4 Line Selection
The modelling of a small segment of the absorption spectrum for comparison 
with the corresponding observed absorption does not require the inclusion of every 
line in the SR band system. Computation time can be considerably reduced by 
selecting only lines having a direct effect on the particular segment of the spectrum 
being considered.
O
All lines within ±5 A are included, and these are divided into two groups; 
those belonging to the band under consideration and those belonging to other bands. 
In the curve of growth analysis, only the line parameters (oscillator strength and 
linewidth) of lines belonging to the same band as the line under consideration are
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varied. The strongest line from the band of interest, within the experimental scan 
range, is selected as a reference line. Lines with a strength relative to this line of
less than 0.1% are discarded from the selection list.
°Lines outside the ±5 A interval are assumed to contribute a Lorentz shaped 
wing to the scan region, the height of which, at the scan centre, is computed from 
integration of the Voigt profile. The relative strength of this contribution to the 
scan is computed from integration of the wing profile. If this contribution is 
greater than 1%, the line is kept, otherwise the relative strength is added to those 
of other rejected lines and their total combined strength is added to the scan.
The Voigt profile is then computed for all the remaining lines to give a 
reproduction of the observed scan.
2.4.5 The Underlying Continuum
In addition to the complex many-line spectrum already described, the SR band 
region features an underlying continuum which must be included in an accurate ab­
sorption model. At longer wavelengths the continuum is mainly due to the forbid­
den A 32C Herzberg I transition. (This continuum is usually referred to as
the Herzberg continuum although states other than the A 3 may contribute to it.) 
At shorter wavelengths the B  3£ C -A  32C SR continuum is the main contributor. 
An additional continuum contribution has been found in the present work (as will 
be later described) which has been att r ibuted to the l J/7 -  A’ 3V  transition.
The Herzberg continuum cross section derived by Blake (1979) was used in the 
model. This was based on the measurements of Ditchburn and Young (1962), 
Ogawa (1971), Shardanand and Rao (1977) and the theoretical curve of Jarmain 
and Nicholls (1967). The SR and 3II continua were determined in the current 
work and subsequently included in the model. The model underlying continuum 
cross section is shown in Fig. 2-6. The underlying continuum was found to be pres­
sure dependent, as explained in Chapter  4. The experimentally determined pressure 
dependence was included in the model and is shown in Fig. 2-7.
2.4.6 Application
2.4.6.1 Curves of Growth
The typical experimental data  for a given absorption line generally consisted of 
a measured equivalent width and the pressure, temperature and absorbing path 
length pertaining to its measurement. In general, two such equivalent width 
measurements were made at widely differing pressures (approximately a factor of 10 
different) to enable the use of the curve of growth analysis previously described. 
An experimentally measured equivalent width, however, includes contributions from
da
/d
p 
(c
m
V
to
rr
) 
a0
 
(c
m
2)
33
1750 1800 1850 1900 1950 2000 2050
WAVELENGTH (A)
2-6: The model underlying continuum cross section extrapolated to
zero pressure, assumed in this work.
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F ig u re  2-7: The model pressure coefficient of the underlying continuum 
cross section assumed in this work.
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the underlying continuum and from absorption lines other than the one being 
studied. The absorption model is therefore needed to estimate such contributions 
and determine the actual equivalent width for the particular line (or group of lines) 
under consideration. The curve of growth procedure can then be invoked to deter­
mine a consistent pair of values for P ' X  and a, and hence an oscillator strength 
and a linewidth. These parameters are then inserted into the model and a 
spectrum is generated for comparison with the experimental scan as a final check on 
the accuracy of the procedure.
2.4.6.2 Profile Fitting
For many rotational lines the pressures necessary to apply the above method 
accurately were experimentally inaccessible, as will be detailed later. In these cases 
an alternative analysis method was used to determine the oscillator strengths and 
linewidths.
A sufficient number of points were taken from the observed scan to reasonably 
define the line profile. The observed line peak was taken as a wavelength reference 
and the other points were expressed in terms of their wavelength displacement from 
the peak. The measured wavelength reference was set to match the model 
wavelength for the line peak and all values were fed into the absorption model 
where a least squares procedure was used to determine the parameters which gave 
the best model fit to the measured profile. The number of da ta  points selected to 
define the line profile was a compromise between the maximum accuracy attainable 
if all points from the scan were used and the minimum computation time required 
if only a very few were chosen.
The oscillator strengths and linewidths determined using this procedure were 
found to be consistent with those obtained by the equivalent width method where 
both methods were compared for a given line.
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CHAPTER 3
EXPERIMENTAL APPARATUS
3.1 L ight Source
A thorough s tudy of absorption in the Schumann-Runge bands  requires a light 
source which can provide continuous radiat ion in the wavelength range 1750-2050 A. 
A d.c. discharge lamp opera ting wi th molecular hydrogen meets this requirement  and 
also offers the advan tages  of simple construct ion and inexpensive, reliable operation.
The hydrogen glow discharge produces a cont inuum which extends  from about
°  °
1650 A to 5000 A and a combination of a many-l ine spectrum and an underlying 
cont inuum at  shorter  wavelengths.
The main H2 cont inuum is due to t rans it ions  from the stable 3£  + upper s tate 
to the repulsive 3T u+ lower state.  The potent ial  curve d iagram for these states is 
showm in Fig. 3-1. Th e first five vibrat ional  levels of the excited electronic
9
s t a te  are shown. Transi t ions  occur from these vibrat ional  levels to points on the 
lower potent ial  curve directly below, according to the Franck-Condon principle. 
Thus ,  if the first five vibrat ional  levels of the upper s tate  are excited, the most 
probable t rans it ions wrill occur between the points A and B on the repulsive 
curve. These t rans i t ions  will produce a cont inuum ranging in energy from Eß to
e a -
Th e water-cooled discharge lamp used in these measurements  is i l lustrated 
schematically in Fig. 3-2. The lamp was operated a t  a pressure of ~ 1 1  torr  of
wi th a  current of ~  1 amp.  The resul tant background spect rum in the wavelength
°
range 1500-2250 A is shown in Fig. 3-3. The lamp can also be operated with rare 
gases such as argon or helium, using a pulsed power supply.
3.2 T he 2 .2m  M on och rom ator
The dispersing in s t ru men t  used in this s tudy was a Minu tem an 320 NIV nor­
mal incidence VUV scanning monochromato r  equipped with a 1200 g / m m  grating
O
blazed a t  1500 A. This  is an example of a McPherson type normal  incidence scan­
ning monochromator ,  a discussion of which has been given by Samson (1967). The 
ent rance  and exit slits are in fixed posit ions and the  focusing requirements are dif-
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Figure 3-1: Potent ia l  curve d iagram for H0. (After Samson (1967).)
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Figure 3-2: Schemat ic d iagram of the  H0 discharge lamp.
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F ig u r e  3 -3 :  Background spectrum  o f the hydrogen discharge lam p  in the
wavelength  range 1500-2300 A , showing the c o n t in u u m  free f rom  
discrete emission lines above ~  1700 A.
ferent f rom  a Row land circle s i tu a t io n .  The  geometry o f the s i tu a t io n  is schemati­
ca lly  i l lu s tra ted  in Fig. 3-4. The g ra t ing  is constra ined to  move along the lon ­
g itu d in a l  axis o f  the m onoch rom ato r  and is s imu ltaneous ly  ro ta ted  abou t a ve rt ica l 
axis tangent to  its  centre. The ro ta t io n  provides the wave length  va r ia t io n  while  the 
linear m otion  determ ines the degree o f  focusing. The t rans la t ion  o f  the g ra t ing  for 
correct focus is contro l led  as a func t ion  o f g ra t ing  ro ta t io n  by a care fu l ly  machined 
cam. The design o f such focusing cams has been discussed by Lewis (1982), who 
redesigned the cam used in th is  ins t ru m e n t to  achieve m a x im u m  accuracy o f focuss­
ing over the opera t iona l wave length  range o f  the ins t ru m e n t .  The n o ta t io n  used in 
F ig. 3-4 is s im i la r  to  th a t  o f Samson (1967). a and fl are the angles o f  incidence 
and d if f ra c t ion  re la t ive  to  the g ra t in g  norm a l, 6 is the angle o f ro ta t io n  o f  the g ra t ­
ing and 9 is h a l f  the angle subtended at the g ra t ing  centre by the entrance and ex it  
s lits . R  is the radius o f cu rva tu re  o f the g ra t ing , r  is the distance o f  the g ra t ing  
centre f rom  the entrance and ex it  s l i ts  and x  is the la te ra l d isp lacement o f  the g ra t ­
ing necessary for correct focus. The g ra t in g  equation is given by
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F igure 3-4: Schematic diagram showing the basic grating movements in a
McPherson type normal incidence scanning monochromator.
sina + sin/? = n\/d, (3.1)
where n is the order of diffraction, A is the diffracted wavelength and d is the dis­
tance between grating rulings. The tangential focus condition is given by
cos2a cosa cos*/? 
- I -  ------------------
cosd
(3.2)
r R r R
These equations must both be observed for correct focus, and they give the grating 
displacement for correct focus as
x = /?cosqq sin(0 -  Qo)/sin0. (3.3)
The drive system for grating rotation (wavelength scanning) was also 
redesigned, as described by Lewis (1983), to achieve maximum wavelength linearity 
in scanning. (The original drive system was found to produce small periodic errors 
in scanning (with a period of —0.5 A), which became quite significant when the 
width of a narrow absorption line was being measured.) Briefly, the new system 
consists of a Superior Electric M062 FC 09D stepping motor with a Lanchester 
damper, connected through a flexible coupling to a 1.2 cm diameter worm/6.35 cm 
diameter worm wheel combination attached to a 1.2 cm diameter stainless steel 
shaft which passed through a rotary vacuum feedthrough to a flexible coupling con­
necting it to the main drive screw. A BEI Electronics 5Y678TDZ optical incremen­
tal encoder with an effective resolution of 48000 counts / turn was used to accurately 
monitor the rotation of the drive shaft and thus provide a fairly precise indication 
of the wavelength setting.
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The monochromator was enclosed completely in an acrylic enclosure insulated 
with polystyrene foam and fitted with internal heaters and fans. The heaters were 
connected to a YSI model 72 temperature controller which regulated to ±0.02 ° C the 
temperature sensed by a thermistor placed in the heated airstream. The laboratory 
in which the monochromator was located also had an air conditioning system 
equipped with precision temperature control capable of maintaining an ambient tem­
perature with fluctuations less than ±0.2 ° C. These elaborate temperature controls 
were found to be necessary to minimise wavelength drift in the monochromator as 
discussed by Lewis (1983).
The 2.2 m monochromator is illustrated schematically in Fig. 3-5 and is also
shown in Fig. 3-6. The entrance and exit slits were fixed at widths of 10// which
°resulted in a resolution of about 0.05 A. There was no window between the lamp 
and the entrance slit and therefore the monochromator contained H9 at a pressure 
of ~ 11  torr during normal operation.
drive unit
grating entrance slit
absorption cell
exit slit
detector
photomultiplier
beam
splitter
monitor
photomultiplier
F ig u re  3-5: Schematic diagram of the 2.2 m monochromator showing the
configuration of the discharge lamp and the absorption cell.
The shape of a spectral line is distorted when it is observed by a 
monochromator, with the distortion being greater the poorer the resolving power of 
the instrument. The effects of slit functions on absorption line measurements have 
been discussed by Kostkowski and Bass (1956). The slit function for the 2.2 m 
monochromator was determined experimentally by scanning over some narrow' O0 
absorption lines. (H., emission lines from the lamp were found to be unsuitable due 
to Doppler broadening.) The line profiles were then compared with (a) a single 
Gaussian function optimised for best fit, and (b) the sum of two Gaussians op-
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y=exp[-112 4(x-x0)’ ]
1779.5  1779.6  177 9.7  177 9.8  1 779 .9  1780.0
WAVELENGTH (A)
0 . 5
0 . 4
0 . 3
0 . 2
0 . 1
0 . 0
177 9.5  177 9.6  177 9.7  177 9 .8  1779 .9  1780.0
WAVELENGTH (A)
F ig u r e  3 -7 : Observed p ro file  o f the  R ,(19 ) a bso rp tion  line  o f the (15-0)
SR band o f O 0 to ge th e r w ith  (a ), the best f i t  Gaussian and 
(b ), the best f i t  sum o f tw o  Gaussian fu nc tio ns .
y= 0.7 4exp[-12 6 4(x-x0)*]
+ 0.2 6exp[-421 (x-x0)*]
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tim ised  fo r best f i t .  In every case a m ore sa tis fac to ry  f i t  to  the  observed line  
p ro file  was ob ta ined  using (b ). A  ty p ic a l measured fine p ro file  and f it te d  fu nc tio ns  
are shown in  F ig . 3-7. The average values o f the fu n c tio n  param eters fo r best f i t  
resu lted  in  the fo llo w in g  s lit  fu n c tio n ,
y =  0.74 e x p [-1 2 6 4 ( i—x Q)2] + 0.26 e xp ;-421 ( x - i Q)2] (3.4)
fo r a fine centred a t w ith  u n it h e igh t, where x  and x Q are in  u n its  o f A .
3 .3  A b s o r p t io n  C e lls
3.3.1 The 1.2 m etre  C ell
The 1.2 m abso rp tion  cell is i l lu s tra te d  schem atica lly  in F ig . 3-8. T he  fro n t 
w ind ow  o f the ce ll was an A R C  V U V  b e a m sp litte r set a t 45 degrees to  the  beam 
d ire c tio n  w h ich  a llowed m o n ito r in g  o f the  in c id e n t ra d ia tio n . T he  M g F 2 w in d o w  o f 
the rear p h o to m u lt ip lie r  served as the rear w 'indow  o f the cell. T he  in te rn a l cell 
leng th  was 1241.3 ± 0 .5 m m .
gas inlet
|1 manometer ' leak 
p[ valvevalve
LNo inlet
beam
/splitter
to vacuum pump
F ig u re  3 -8 : Schem atic d iag ram  o f the  1.2 m a bso rp tion  ce ll show ing  the
loca tion  o f the therm ocoup les T j- T 4.
The te m p e ra tu re  o f the gas in the cell cou ld  be a ltered  by c irc u la tin g  heated 
or cooled liq u id s  th ro u g h  the sta inless steel ja c k e t shown in  F ig . 3-8. F or ve ry  low  
te m p e ra tu re  o pe ra tion  the  ja cke t was s im p ly  fil le d  w ith  liq u id  n itro ge n  (L N 0) w ith  
subsequent to p p in g  up to  com pensate fo r L N 2 losses due to  b o ilin g . T he  gas te m ­
pe ra tu re  in  the cell was m on ito red  by fou r therm ocoup les. The average te m p e ra tu re  
was ca lcu la ted  using the  fo rm u la
T =  0.827^ + 0.097; + 0.037; + 0.06T4 , (3.5)
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where the subscripts refer to the thermocouples correspondingly numbered in Fig. 
3-8. The coefficients in Eq. (3.5) were obtained simply by a linear interpolation of 
the particular thermocouple’s location with respect to the nearest window' and the 
end of the cell jacket. The calculation of such a weighted average a t  temperatures 
other than room tem perature was necessitated by the construction of the cell. As 
shown in Fig. 3-8 the surrounding jacket did not extend to the full length of the
cell. This enabled the front and rear windows of the cell to be maintained at room
temperature, thus avoiding condensation problems, but had the disadvantage of 
creating small regions of non-uniform temperature at both ends of the cell. When 
the cell jacket was filled with LN2 (temperature 77 K) the average cell temperature 
given by Eq. (3.5) was 83 K.
The pressure in the cell was monitored by a Datametrics Barocel 570/1173 
variable capacitance manometer and controlled by a Datametrics 1404 valve con­
troller. Gas was admitted to the cell by a Balzers RME 010 electromagnetic leak 
valve, regulated by the valve controller. The pressure could thus be automatically
set and maintained by the controller and a fixed leak. At pressures near one a t ­
mosphere the cell was simply filled and closed off. The gas used was medical grade 
oxygen which w'as passed through a suitable cold trap  (LN0 for pressures <150 torr. 
dry ice for greater gas pressures) before being admitted to the cell.
3.3.2 The 10 cm Cell
The 10 cm cell is shown housed in its rectangular vacuum chamber in Fig. 3-9 
and is illustrated schematically in Fig. 3-10. The front and rear windows were 
\ l g F 0 and the measured internal cell length was 10.91 -0.01 cm. The cell was
enclosed in a stainless steel jacket, as shown in Fig. 3-10, which could be filled with 
LN0 for low temperature absorption measurements. The jacket extended to the ends 
of the cell and there were consequently no problems with temperature gradients as 
there had been for the 1.2 m cell. The temperature was monitored by a ther­
mocouple located in the main vacuum chamber (see Fig. 3-9). For the low tem­
perature studies it was assumed that  the entire cell was at LN0 tem perature (77 K) 
after the jacket had been filled for several hours.
The gas filling and pressure monitoring arrangements were identical to those 
described in Section 3.3.1 for the 1.2 m cell.
The main vacuum chamber, shown in Fig. 3-9, contained an ARC YUV
beamsplitter mounted at 45 degrees to the direction of the incoming beam (as 
shown in Fig. 3-5), to enable monitoring of the incident radiation. Once the
beamsplitter and the chamber had been aligned, the 10 cm cell could be removed or 
replaced without affecting the optical geometry of the system.
44
F ig u re  3-9: The 10 cm absorption cell housed in the rectangular vacuum
chamber. The arrangement of the photomultipliers can be seen 
clearly.
to vacuum
PumP to manometer 9as mlet
MgF2 window
LN2
out
F ig u re  3-10: Schem atic d iag ram  o f the  10 cm abso rp tion  ce ll.
graded
seal pyrex
quartz
suprasil
window
suprasil
window
quartz tubing
F ig u r e  3 -11: Schem atic  d iag ram  o f a 10 cm  q ua rtz  a bso rp tion  cell.
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3.3.3 The Carousel
The study of isotopic molecular oxygen required a different technique due to 
the much greater cost of the isotopically enriched gases. The gas filling technique 
described in Section 3.3.1 was inappropriate for small quantities of expensive gas. 
A totally different technique was devised wherein the gas was sealed in small quartz 
cells which could be mounted in a specially constructed carousel housed in the main 
vacuum chamber described in Section 3.3.2 and shown in Fig. 3-9.
The cells were specially built using 2.5 cm diameter suprasil windows and 
2.5 cm diameter quartz tubing. A schematic diagram of a cell is shown in Fig. 
3-11. Figure 3-12 shows some filled and sealed cells mounted in the carousel. The 
filling stem on the first cell constructed was made of quartz, which caused problems 
in the sealing process due to the high softening point of pure quartz ( ~  1500°C). 
Subsequent cells were made with a pyrex stem joined to the body of the cell by a 
graded glass seal. This enabled the sealing process to be accomplished much more 
quickly and easily due to the lower softening point of pyrex of ~  600 ° C.
The cell filling was performed on an all glass vacuum system with a mercury 
manometer for pressure measurements in the range 2-800 torr and a McLeod gauge 
for pressures below 2 torr. Each cell, complete with extended stem and glass tap, 
as shown in Fig. 3-11, was attached in turn to the vacuum system and baked out 
overnight at a tem perature of 150-200 ‘ C before being filled with the required pres­
sure of gas via a cold trap. The glass tap on the cell stem was then closed and 
the cell was detached from the vacuum system and sealed by melting the pinched 
section of the stem with a gas torch and allowing atmospheric pressure to push in 
the glass walls of the stem. Cell pressures of one atmosphere and greater were ach­
ieved by partially immersing the cell in LN2 during the sealing process, thus con­
densing the oxygen inside and leaving a residual pressure of ~ 150 torr (the vapour 
pressure of O 0 at 77 K). In such cases a slight correction ( ~  2%) had to be made 
to the measured pressure in the cell due to the small section of the stem between 
the seal and the tap which only held a pressure of ~ 150 torr after sealing resulting 
in a slightly higher pressure than originally measured in the cell itself. At pressures 
below one atmosphere it was assumed that equilibrium existed between both sides of 
the seal and therefore, th a t  once the cell had cooled down after sealing, the pressure 
was the same as that originally measured. The transmission v. wavelength curves 
were originally measured for each cell prior to filling, but a remeasurement of the 
first cell after the original abortive filling a ttem pt showed that  the sealing process 
had slightly decreased the transmission of the cell and consequently the measurement 
of transmission functions for the empty cells was dispensed with. The decrease in
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F i g u r e  3-12: The carousel housing the sealed quartz cells, showing the .
stepping motor drive system.
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transmission was thought to have resulted from the condensation on the cell win­
dows of minute quantities of vaporised quartz generated by the heating of the stem 
during the sealing process. This effect was expected to be reduced considerably in 
the later cells fitted with pyrex stems, but an assumption of unchanged transmission 
was still not considered valid. An absolute background transmission at a given 
wavelength could not be determined, therefore, and this proved to be the main dis­
advantage of the sealed cell technique.
The isotopically enriched gas mixtures used to fill the cells were obtained from 
Amersham (U.K.) in 400 ml lecture bottles. The first sample used was oxygen 20% 
enriched with 180 .  It might be assumed that  such a sample comprised a statistical 
mixture of the three molecular species 160 o, 180 2, and 160 180 ,  i.e. 64% of ieO^, 
32% of 160 180 ,  4% of 180 o. The initial absorption measurements indicated that 
there was considerably more than 4% 180 o and considerably less than 32% 160 180 .  
A probable explanation (later verified) for this was tha t  the supplier had added 
some high purity 180 o to a low purity mixture to obtain the specified 20% 180  in 
the final product. The problem of a non-statistical mixture of molecular species was 
overcome by irradiating the sealed cell with a mercury lamp for several hours and 
allowing the processes of dissociation and recombination in the cell to convert the 
gas mixture to a statistical distribution. This simple technique was found to be 
perfectly adequate and was subsequently used on each of the cells after sealing.
The gas sample used for the 180„ studies was of >99% 180  abundance. The 
cells filled with this mixture did not require the irradiation procedure.
The carousel in which the sealed cells were mounted (shown in Fig. 3-12) 
could hold up to six 10 cm length cells and was designed for mounting in the same 
vacuum chamber as the 10 cm cell, shown in Fig. 3-9. The rotation of the carousel 
was controlled by a stepper motor with a resolution of 400 steps/revolution, con­
nected to the carousel drive shaft via a vacuum tight motional feedthrough and a 
flexible coupling. Thus, any of the cells mounted in the carousel could be quickly 
positioned in the beam path while the housing chamber remained under vacuum. 
The variation of transmission with carousel rotation was measured to determine the 
acceptable tolerance in positioning for a given cell. It was found tha t  within ±5° 
of the central position for any cell the transmission was constant a t  the maximum 
level. Thus the 400 steps/rev. resolution of the stepping motor was quite adequate 
for accurate cell positioning.
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3.4 Light D etect ion
The positioning of the photomultipliers used to measure the light intensity is 
shown schematically in Fig. 3-5 and can also be seen in Fig. 3-9. Both photomul­
tipliers were EMI type G-26H315 with CsTe photocathodes. The beam splitter 
shown in Fig. 3-5 enabled the simultaneous measurement of the incident and trans­
mitted radiation in the absorption cell by operating the photomultipliers in the 
pulse counting mode. Therefore compensation was automatically made for any fluc­
tuations in lamp intensity.
3.5 E xp er im en t C ontro l
The experimental procedure was controlled by a Commodore 8032 microcom­
puter and an HP 3497A da ta  acquisition/control unit. Subroutines were written in 
BASIC to perform such tasks as step the monochromator wavelength by a given in­
crement or fill the absorption cell to a specified pressure. An experimental routine 
was then constructed, using these subroutines, to perform the particular experimental 
procedure required. Using this fully automated technique, the system could be left 
unattended for long periods, with the da ta  being continuously stored on magnetic 
discs for later analysis.
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CHAPTER 4
THE CONTINUUM UNDERLYING THE SCHUMANN-RUNGE BANDS OF 16Oo
4.1 In trod u ction
The absorption by ground state oxygen molecules of photons with energy 
greater than the dissociation limit of the B  state results in an absorption con­
t inuum since the kinetic energy of the two free oxygen molecules produced in the 
dissociation process is not quantized. If the ground state molecule is rotationally or 
vibrationally excited then the dissociation limit of the upper state can be reached by 
the absorption of slightly less energetic photons. This results in the Schumann- 
Runge continuum extending to wavelengths greater than the B  3i7J dissociation limit
O
at ~ 1750 A and therefore underlying the discrete Schumann-Runge bands.
Models for the absorption of radiation by vibrationally excited have been 
developed by Allison et al. (1971) and Hudson and Mahle (1972). The model of 
Allison et al. (1971) was extended by Blake (1979) to include rotational effects. 
Blake pointed out that  discrete steps are expected in the continuum due to the on­
set of absorption from particular rotationally excited levels of the ground state. 
Gies et al. (1982) corrected the rotational thresholds of Blake (1979) by including 
the effect of the centrifugal barrier in the B  state potential for the rotating 
molecule and showed tha t  the threshold cross sections decreased with increasing 
rotation. The rotational aspects of the Gies et al. (1982) model have not been ex­
perimentally verified.
O
At wavelengths greater than 1950 A the .4 Herzberg I transition
accounts for most of the observed absorption cross section of 160,_,. This transition 
also provides a diminishing contribution as the wavelength decreases. There have 
been various suggestions about possible contributions from other states to the total 
absorption cross section. Fang et al. (1974) and Ogawa (1971) proposed 77 states 
to explain some of the continuum. Blake (1979) concluded that  a composite absorp­
tion cross section comprising his vibrationally and rotationally excited SR model and 
a Jarmain and Nicholls (1967) Herzberg continuum model fitted to the measure­
ments of Ditchburn and Young (1962) was sufficient to explain all the underlying 
continuum in the region of the SR bands. An examination of the differences be-
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tween the SR continuum models of Blake (1979) and Gies et al. (1982) suggests 
tha t  that this conclusion must be incorrect. The later model predicted lower cross
O
sections at most wavelengths above 1750 A because of the lower rotational threshold 
wavelengths due to the centrifugal potential barrier, changes in shape of the partial 
cross sections with rotation, and the decrease in threshold cross sections with in­
creasing rotation. The difference in absorption must therefore be explained by tran­
sitions to another state.
The investigation of the underlying continuum described here attempted to as­
sess the validity of the model of Gies et al. (1982) and to determine the existence 
or otherwise of contributions to the continuum from states other than B 3E '  and
U
a  3r t
4.2  P rev io u s M ea su rem en ts
Wilkinson and Mulliken (1957) made a photographic study of the Schumann- 
Runge bands and found definite evidence for a weak underlying continuum below
°  . . o1800 A. They suggested tha t  the allowed transition ^Tl ^ -X 3Eg was responsible for 
the continuum.
Ditchburn and Young (1962) measured absorption cross sections for 0 0 in the
°region 1850-2500 A. They observed a variation of cross section with pressure and 
suggested that it was probably due to the formation of O . The continuum absorp­
tion was a ttributed to the forbidden Herzberg 1 transition .4 3E ^ - X  3E^ . The ef­
fect of the overlying SR bands made Ditchburn and Young's cross section measure-
O
ments below' 2000 A unreliable since no allowance for the bands was made.
Hudson et al. (1966) investigated the effect of temperature on the absorption
O
continuum of O, in the wavelength range 1580-1950 A, at temperatures ranging 
from 300 K to 900 K. The cross section values presented were claimed to be free 
from the effects of absorption line overlap, yet no wing corrections appear to have 
been made.
Ogawa (1971) used a photoelectrical technique to measure the 0 0 continuum
O
cross section in the region 1814-2350 A. Ogawa suggested tha t  the continuum in
. °  othe wavelength region 1750-2000 A was probably due to the 6n X  3Eg transition 
previously proposed by Wilkinson and Mulliken (1957), together with contributions 
from other FI states. The cross section was found to be pressure dependent. (This 
pressure dependence has often been ascribed to the absorption by 0 4 following the 
work of Shardanand (1969).) In the SR band region, Ogawa pointed out that the 
measured cross section values would include the absorption by tails of rotational 
lines and tha t  therefore the values presented would give only an upper limit of the 
dissociation continuum.
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Hudson and Mahle (1972) applied wing corrections to the measurements of 
Ogawa (1971) when developing their SR absorption model.
Hasson and Nicholls (1971) measured photoelectrically the continuum cross sec­
ts
tions in the spectral region 1920-2430 A. The absorption cross sections were again 
found to be pressure dependent and the familiar explanation of 0 4 formation was 
given. No wing corrections were applied to the measurements made between lines 
in the SR bands and Hasson and Nicholls therefore stated tha t  their lower 
wavelength measurements should be regarded as upper limits. They suggested that  
absorption into the SR continuum by rotationally and vibrationally excited ground 
state oxygen molecules might account for a substantial fraction of the observed 
oxygen absorption below ~ 1850 A, with absorption into the sFIu state also con­
tributing and the Herzberg I system becoming significant only at  wavelengths
O
greater than 1850 A.
Gies et al. (1982) measured the continuum cross section at  18 wavelengths in 
the range 1750-1790 A and at  temperatures of 90 K and 294 K. Wing corrections 
for the effects of nearby lines were applied . There were insufficient measurements 
to demonstrate the step-like structure predicted by their model although there was 
general agreement between the computed and measured cross sections.
Smith et al. (1984) measured the continuum cross sections at several
°wavelengths in the narrow spectral range 1760-1785 A as part  of their oscillator 
strength measurements for the (13-0) to (16-0) SR bands. The measurements were
O
made at very high resolution (13 mA) but no wing corrections were applied, making 
the reported values upper limits only. The measured cross sections were, however, 
smaller than the results of Gies et al. (1982).
O
In the middle wavelength range of the SR bands (1800-1900 A) the only 
detailed measurements reported of absorption underlying the SR bands are those of 
Ogawa (1971) previously mentioned. Ogawa (1971) claimed that  there was definite 
structure in the continuum in this region despite having made no corrections for the 
wings of nearby lines, and att ributed some of the cross section to absorption into 
repulsive 77 states. An excess continuum was also deduced by Fang et al. (1974), 
who suggested that  the A' 3I T -  1377^  transition might be responsible for the excess 
continuum. .46 ini t io  calculations by Guberman and Dalgarno (1979) and Allison 
et al. (1982) on photoabsorption into the 377^  state have shown that  this cross sec­
tion is expected to be significantly less than the Herzberg I continuum cross section 
in this wavelength range.
Potential curves for the 13 77 s ta te  have been calculated by Schaeffer and 
Harris (1968) and Saxon and Liu (1977), but  there remains very little experimental
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information on this state. Cartwright et al. (1976) a ttem pted to decompose the SR
°continuum at wavelengths below 1750 A by analysing electron scattering da ta  and 
resolved several components, including a component centred at 7.5 ±0.1 eV which 
contributed to the total photoabsorption continuum. They assigned this component 
to the 13Ilg state but Lee et al. (1977) found no evidence of such a contribution in 
an experiment which examined quantum yields for 0 ( ]D) from photodissociation of 
O,, between 1160 A and 1770 A.
4.3 E xp er im en ta l  P roced u re
Absorption measurements were made using the 1.2 m cell at temperatures of 
295 K and 83 K, and the 10 cm cell at temperatures of 295 K and 77 K. A 
description of both absorption cells is given in Chapter 3 along with an explanation 
of the discrepancy between the two low temperature values.
Preliminary scanning located the deepest absorption minima in each SR band 
and the wavelength wras then kept fixed while the transmission of the cell was 
measured at a number of different pressures. Empty cell transmissions were 
recorded before and after each full cell transmission measurement in order to correct 
for any drifts. The pressure range covered was determined by several considera­
tions. At liquid nitrogen temperatures the pressure had to be kept below 
~ 150 torr (the vapour pressure of O., at 77 K) in order to avoid condensation of 
0 0 in the cell. At room temperature, pressures of up to 1000 torr (the limit of the 
electronic manometer) were used, provided that absorption saturation was not 
reached. The effective absorption cross section at each pressure was then calculated 
from Beer's law using the known pressure, cell length, temperature and the 
measured transmission. The cross section was then extrapolated to zero pressure to 
give the measured cross section a .
Measurements were also made using a general scanning routine, wherein scans
°were performed in 2.6 A segments at a fixed pressure with wavelength increments of
O
5.3 mA. Backgrounds were taken before and after each segment and absorption 
cross sections were calculated at the deeper minima using Beer's law.
The measured cross sections had to be corrected for the effects of the wings of 
neighbouring SR lines. This was achieved by employing the SR band absorption 
model described in Section 2.4.
The general scanning routine was the main method of measurement at the
O
shorter wavelengths, particularly in the region 1750-1760 A. Due to the great num­
ber of absorption lines in this spectral region, there are very few absorption minima 
sufficiently free from the effects of neighbouring lines to perform accurate pressure
54
dependence measurements on the continuum. The interference from the neighbouring 
absorption lines correspondingly strengthened with the increased pressure prevents 
the determination of the pressure dependence of the continuum only. Absorption 
saturation at  relatively low pressures also restricted the use of the full pressure 
dependence technique at  short wavelengths.
4.4 T heoretica l P red ict ion s
4.4.1 Threshold Wavelengths
The threshold wavelength for absorption into the SR continuum for a vibra- 
tionally or rotationally excited ground s ta te oxygen molecule may be calculated by
using the well known ground state energy levels for (Babcock and Herzberg
(1948)) and estimating the height of the centrifugal barrier in the B  state potential 
as a function of rotation.
The B  state potential curve for this calculation was taken from the Cl calcula-
°  • °tions of Saxon and Liu (1977) for r<5.3 A, normalised at  ~ 3.5 A to the RKR 
curve of Gibson (1983) with an extrapolation of the form V=0.00348/2^189r'8  ^ eV for
r>5.3 A. The extrapolation affects results for J '< 1 7 .  The centrifugal potential
V=2.61 x 1 0 +  1)/r2 eV, where r is in A, was added to the B  state potential, 
enabling the height of the centrifugal barrier to be calculated. The results of this 
calculation are shown in Table 4.1.
The energy level diagrams for A '=1 ,  3. 5, 29 are shown in Fig. 4-1. The 
triplet splitting in the ground state is shown (taken from Veseth and Lofthus 
(1974)) and the centrifugal effects on the upper state energy levels, as given in 
Table 4-1, have been included. The Fine structure of the threshold regions can be 
understood with reference to Fig. 4-1. Only the six main branches of the con­
t inuum threshold transitions are shown and the dissociation limit is taken as 
57136.0 cm'1, the determination of which is explained later. For low values of rota­
tion the centrifugal barrier is clearly small and hence the fine structure of the con­
t inuum threshold is determined mainly by the ground state triplet splitting. At 
higher rotation the difference in height of the centrifugal barrier in the upper state 
for successive values of J '  becomes larger than the ground state triplet splitting and 
therefore the threshold Fine structure is dominated by centrifugal effects. For Ar" > l ,  
since the and F j levels of the ground state are close together and since J '  = N"
for both the R 3 and P  transitions, the strongest Fine s tructure threshold will be as­
sociated with the R nPx transition which will always be fairly centrally placed among 
all the Fine structure components for medium and higher rotation. For N " —\ the 
Pjfi j  transition will produce the strongest component.
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T ab le  4-1: Calculated centrifugal barriers AF'  (cm*1) for the B state
of 0 2 and corresponding threshold wavelengths Xth (Ä) for the 
R jP j component of continuum transitions from various rotational 
levels of the ground s ta te  (v"=0). A dissociation limit 
D = 5 7 136.0 cm '1 has been assumed for the B state , and the 
ground state energy levels of Veseth and Lofthus (1974) have 
been used: F '= F "  (AT=1) or (F ; '+F")/2  { N ” > 3). Note tha t
the P 3Pj component is expected to be the strongest threshold 
for iV">l (see text).
r  ( = j •) aF ' , cm“* F \  cm-1 D+AF'-F"
Xt h ’^
l 0.03 1 . 0 57135.0 1750.241
3 0.24 15.2 57121.0 1750.668
5 0 . 6 8 41.1 57095.6 1751.449
7 1.64 78.5 57059.1 1752.568
9 3.1 127.4 57011.7 1754.025
11 5.2 187.7 56953.5 1755.820
13 7.9 259.5 56884.4 1757.952
15 11.5 342.8 56804.7 1760.419
17 16.0 437.5 56714.5 1763.217
19 21.7 543.6 56614.1 1766.345
21 28.9 661.1 56503.8 1769.794
23 37.9 790.1 56383.8 1773.559
25 48.5 930.5 56254.0 1777.652
27 60.8 1082.1 56114.7 1782.066
29 74.8 1245.2 55965.6 1786.813
31 90.5 1419.5 55807.0 1791.890
The fine structure shown in Fig. 4-1, and described above, is unlikely to be 
observed in an experimental situation. Thus, for comparison with experimental 
measurements, threshold wavelengths were calculated for the B3P] components with 
J' = N". The results are summarised in Table 4-1, for rotational levels up to 
AT'=31. AF ' represents the centrifugal barrier of the B s tate , F" is the mean term 
value for the F  and F3 components of the ground s ta te  (except for N " = \  where it 
is F only) and D  is the dissociation limit for the B state. The F" values were 
determined from the F values published by Veseth and Lofthus (1974). The 
threshold wavelength for 7V''<31 may be represented by the empirical equation:
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At/i(v "=  0) -  1750.157 + 0.0422N " ( N "  +  1). 
A  s im i la r  ca lcu la t ion  gives the re la t ion :
(4.1)
Xlfi [ v " =  1) = 1799.161 + 0.0442iV"(,V"+ I) (4.2)
for exc ita t ion  from  ro ta t io n a l  levels o f the v "  — l v ib ra t io n a l  level o f  the ground 
state.
4.4.2 C o n t in u u m  Cross Sections
A n  expression for the co n t in uu m  absorp tion  cross section for molecules in a 
p a r t ic u la r  v ib ra t io n a l  level has been given by Ja rm a in  and N icho lls  (1964). Gies 
et al. (1982) included ro ta t io n  and obta ined the fo l low ing  equation fo r  the absorp­
t ion  cross section o f oxygen molecules in i t ia l ly  in a state characterised by the ro ta ­
t iona l qua n tu m  num ber .V" and v ib ra t io n a l  q ua n tu m  num ber v ” :
N~ v (A)
2 k -
o iQhcg"A
! I V . - M Ä , M * Jv. A( r )d r f (4.3)
where g" =  { 2 - 6 Q j..)(25 + 1) is the s ta t is t ica l  w e igh t o f the in i t ia l  s ta te , and
are the normalised in i t ia l  and f ina l state v ib ra t io n a l  w ave func t ions  for the 
ro ta t in g  molecule, R  is the electronic t ran s i t ion  m om en t, and r is the in ternuc lear 
distance.
V ib ra t io n a l  wave funct ions  were found by so lv ing the Schröd inger equation  using 
the po ten t ia l  for a ro ta t in g  molecule (Herzberg (1950))
V'(r) -  VQ(r)
N " ( y "  + 1  ) h :
&ir2H r 2
(4.4)
where V is the po ten t ia l  for no ro ta t io n  and n is the reduced mass o f  the molecule. 
Values o f Y J r )  for the X  3T”  and B  states and R  ( r)  were taken f rom  Gibson 
et al.  (1983). Spectroscopic constants derived from  the accurate  wavenum bers o f 
Yoshino et al.  (1984) were used to  make s l igh t im provem ents  to  the B  po ten t ia l 
curve.
Some examples o f p a r t ia l  cross sections ov. ^ . ( X )  for u" =  0 are shown in Fig. 
4-2 and i l lu s t ra te  the rap id  increase in cross section tow ards  shorte r  wave lengths 
and the decrease in threshold cross section as N "  increases.
The to ta l  c o n t in uu m  cross section at any wave length  A and te m p era tu re  T  was 
computed  by sum m ing  over a ll  in i t ia l  states th a t  co n tr ib u te  to  the c o n t in u u m , w ith  
each p a r t ia l  cross section being weighted according to  the p opu la t ion  o f the in i t ia l  
sta te in the absorb ing gas using the equation
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1700 1740 1780 1820 1860 1900
WAVELENGTH (Ä)
F ig u r e  4-2: Calculated par tial  Schumann-Runge cont inuum cross sections
o .^ V-(A) for molecules in initial s tates  with v" = 0 and A " = l ,  
13. 25, 51.
E  E  (2-v'  + 1 )<V .v-0)exp(- F'.-y./ItT)
v~ = 0 N -
o-r (A) = -------- ---------------------------------------------------- , (4.5)
E  E ( 2-V"+ 1)e x p (-F .iV./*T)
t "  = 0 .V"
where F . . v - is the energy of the initial s ta t e  of the molecule and N” is summed 
over all values which give a threshold for absorption a t  a wavelength greater than 
A.
The calculat ions have been discussed in detail  by Gibson (1983), who gives an 
algori thm for the simplified calculation of the cont inuum cross section and predicts 
shape resonances a t  some rotat ional  thresholds due to the centrifugal barrier in the 
B s tate.  These resonances are expected to be too small,  however,  to be detected 
experimental ly within the SR band system.
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4 . 5  R e s u l t s  
4.5.1 Cross Sections
T he  expe rim en ta l cross sections de te rm ined  in th is  w ork are given in A ppend ix
°  °
B . l  fo r m in im a  from  1750 A  to  1800 A  and a t tem pera tures o f 295 K and 83 K , 
and fo r longer w ave lengths in A ppend ix  B.5. The cross sections have been e x tra po ­
la ted  to  zero pressure where necessary. The ca lcu la ted  co rrections fo r the w ings o f 
n e ighbou ring  lines and the n e tt u nd e rly in g  co n tin u u m  cross sections are also given 
a t each w ave length .
A MODEL, NO UNASSIGNED LINES, oT=0  
B MODEL, WITH UNASSIGNED LINES, aT=0 
C MODEL, WITH UNASSIGNED UNES, aT=1.4x10'"cm* 
D MODEL, WITH UNASSIGNED UNES, a =  2.9x10"“ cm' 
- EXPERIMENTAL
1755.4781755.437
T = 8  3K
0 -------1-------1-------1-------1-------1-------1-------1-------1-------‘-------
1755 1 7 5 5 . 2  1 7 5 5 . 4  1 7 5 5 . 6  1 7 5 5 . 8  1756
WAVELENGTH (A)
F i g u r e  4-3:  M easured transm iss ions near the cross section m in im u m  a t
1755.2 A  com pared w ith  va rious model transm iss ions. The 
te m p e ra tu re  was 83 K .
T he  w ing  co rrec tions  were ca lcu la ted  using the SR abso rp tion  band m odel 
described in  Section 2.4. A n  exam ple  o f a w ing  co rrec tion  is shown in F ig . 4-3 
w h ich  illu s tra te s  the observed transm iss ion  near the abso rp tion  m in im u m  a t
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1755.52 A, measured a t a temperature of 83 K, together with some of the model es­
timates. Three weak lines are shown along with the known strong lines. The three 
weaker lines are listed by Yoshino et al. (1984) but have yet to be assigned. If the 
weak lines are ignored in the model and the underlying continuum is assumed to be 
zero then the calculated transmission is greatly different from the observed transmis­
sion as shown by curve A in Fig. 4-3. The other three curves in Fig. 4-3 include 
the three weak lines at the wavelengths given, with relative strengths adjusted to 
agree with the observed scan. The three curves, however, assume different values 
for the underlying continuum, as indicated in Fig. 4-3. It is clearly seen tha t  curve 
C  gives the best agreement with the observed spectrum and thus a value of 
1.4 x 10'20 cm2 follows for the underlying continuum cross section at 1755.52 A. It 
was not possible to support significantly different values for the underlying cross sec­
tion without assuming relative line strengths tha t  were in disagreement with the ob­
served values. This example is intended to represent a worst case situation since in 
most cases unassigned lines were not present and therefore no strength adjustments 
were needed.
Errors in the nett cross section were estimated by assuming a 5% error in the 
experimentally measured cross section due to uncertainties in pressure, temperature 
and cell length and errors due to counting statistics, together with an estimated 
20% error in the wing correction. Thus it is only in cases where the wing correc­
tion approaches the measured cross section that the resultant error becomes large. 
Where unassigned lines were present the error in the wing correction was estimated 
to be 30%.
The nett cross sections are shown graphically in Fig. 4-4 in the wavelength
O
range 1750-1800 A at temperatures of 295 K and 83 K together with the SR con­
tinuum cross sections calculated by the procedure described in Section 4.4. The fine 
structure described in Section 4.4 and shown in Fig. 4-1 has been neglected. The
step-like structure in the measurements at both temperatures can be seen clearly
°and there is good agreement with the calculations. The region 1750-1760 A is 
shown on a linear scale in Fig. 4-5 w'here the agreement between experiment and 
theory is again apparent. At T — 295 K in this region the wing corrections are small 
compared with the measured cross sections and the steps are readily seen in the raw- 
da ta  (ctv/ of Appendix B.l) .
O
The measured cross sections above ~  1760 A decrease more slowly than the 
theoretical predictions for the SR continuum, particularly at T — 83 K. This is dis­
cussed in Section 4.5.5.
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. T=83K T=2 95K
1760 1770 1780 1790 1800
WAVELENGTH (Ä)
F i g u r e  4-4: Wing-corrected cont inuum absorption cross sections under lying
the Schumann-Runge bands  of O 0 in the wavelength  range 
1750-1800 A at  temperatu res  of 295 and 83 K. The measure­
ments  of this work are shown together wi th the calculated 
Schumann-Runge cont inuum arising from rotat ionally and 
vibrationally excited ground s t a te  O 0.
T=2 95KT=83K
1750 1752 1754 1756 1758 1760
WAVELENGTH (A)
F i g u r e  4-5:  Wing-corrected cont inuum absorpt ion cross sections under lying
the Schumann-Runge bands  of O 0 in the wavelength  range
O a*
1750-1800 A at  tem pe ra tu res  of 295 and 83 K, the  l inear scale 
highlighting the rotat ional  thresholds.
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4.5.2 Threshold Wavelengths
Threshold wavelengths were estimated from the da ta  by graphical interpolation, 
knowing the general form of the cross section, and are listed in Appendix B.2. The 
wavelengths corresponding to the first three steps (iV" = l,  3, 5) result from direct 
measurements of edges (see Fig. 4-8 and later discussion) and are thus considerably 
more accurate than the other values. The ground state energy levels of Veseth and 
Lofthus (1974) were used to correct the threshold wavelengths given in Appendix 
B.2 and thus obtain estimates of the upper state threshold energies, the values of 
which are also given in Appendix B.2 and plotted in Fig. 4-6.
The effects of barrier tunnelling in 0 0 are expected to be small (Herzberg 
(1950)). Figure 4-6 is in effect what  Herzberg (1950) describes as a limiting curve 
of dissociation. Despite the large uncertainties in the wavelengths of steps cor­
responding to higher rotation, there is good agreement between the measured and 
calculated values in Fig. 4-6. This implies that  the previous assumptions regarding 
the shape of the B  state potential curve were realistic. The data  points in Fig. 4-6 
are clearly not consistent with a linear dependence on 1) but tend to
asymptote  to a horizontal line as J ' —* 0. This implies (Herzberg (1950)) that  the
O
rotationless B  state potential curve does not have a maximum (at least for r<10 A) 
and that  the dissociation limit for the B  state is 57136.0 cm '1, given by the J'  — 0 
intercept. The previously accepted "definitive” value for the dissociation limit for 
this state was determined by Brix and Herzberg (1954) and is shown in Fig. 4-6 for 
comparison.
4.5.3 Dissociation Limit
°  °The measured absorption spectrum between 1750 A and 1752.5 A taken at
°  . °  .T — 83 K with wavelength steps of 5.3 rnA and a resolution of about  40 mA is
shown in Fig. 4-7. There have been no corrections applied to the raw absorption
* °data.  The discrete s tructure in the spectrum commences at ~ 1750.3 A and com­
prises lines from the (20-0) to (22-0) SR bands of O,  as indicated. Near 1750 A 
the cross section is only a  slowly varying function of wavelength since this region is
beyond the dissociation limit of the B  state in the rotationless SR continuum. At
°
1750.244 A there is a sudden drop in the absorption cross section which does not 
appear to be associated with any discrete absorption lines. In view of the theoreti­
cal discussion in Section 4.4 this sudden drop in the cross section is interpreted as 
the PXR X component of the N " —\ threshold in the rotationally excited SR con­
t inuum for t’"=0. This transition is shown in Fig. 4-1 which indicates that the 
mean of the P /? components should lie at  ( D - 0 . 8 7 )  cm '1 where D is the dissocia-
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57220
THIS WORK
57200
CALCULATED
57180
57160
57140
57127.5 cm BRIX AND HERZBERQ DISSOCIATION LIMIT
57120
1000
F ig u re  4 -6 : T he o re tica l and measured l im it in g  curves o f d issoc ia tion  fo r the
B s ta te  o f O , com pared w ith  the p rev ious ly  accepted d is­
soc ia tion  l im it  o f B r ix  and Herzberg (1954).
(2 0 - 0)
(21- 0)
_(2 2 - 0)
1750 .244Ä
1750.667A
1751.455Ä
1750 .0 1750 .5 1 751 .5
WAVELENGTH (A)
F ig u r e  4 -7 : E xp e rim e n ta l p ho toa b so rp tio n  cross section from  1750 to
1752.5 A  fo r O 0 a t T— 83 K . G roups o f lines a ris in g  from  the 
low est ro ta tio n a l levels o f the ground sta te  are ind ica ted  fo r 
the (20-0) to  (22-0) Schum ann-R unge bands. A lso  shown 
(con tinu ou s  line ) is the  th eo re tica l u n d e rly in g  Schum ann-R unge 
c o n tin u u m  cross section in c lu d in g  the m ain  fine  s tru c tu re  fea­
tu res  fo r the f irs t th ree th resho lds.
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tion limit of the upper state. Hence D~bl  135.8 cm '1 with a maximum error of 
about 0.5 c m '1 due to possible measurement errors in the wavelength of the step. 
The theoretical cross section of Fig. 4-5 was adjusted downwards by 2.5% (within
O
the experimental error) to agree accurately with the measurement at 1750 A plotted 
in Fig 4-7. The step wavelengths given in Fig. 4-1 were used to predict the SR 
continuum in this region and the resultant cross section variation is plotted in Fig. 
4-7 for comparison with the experimental measurements. The main fine structure 
features have been included and the relative intensity of the fine structure com­
ponents have been estimated from the Boltzmann factors of the appropriate ground 
state  levels at T— 83 K. No a ttem pt was made to include the effects of instrument 
resolution. Clearly there are downward steps in the measured cross section of Fig. 
4-7 at the wavelengths predicted for the strongest components of the N" = 3, 5 
thresholds and there is also excellent agreement between the predicted cross sections 
between steps and the baselines of the observed discrete line structure. (The steps 
can also be seen in room temperature absorption scans but they are less pronounced
since the lower rotational levels are less populated at room temperature.) The
°  °measured wavelengths for the A ' - 3 ,  5 steps are 1750.667 A and 1751.455 A respec­
tively, and from Fig. 4-1 the energies for these thresholds (mean RoPx) should be 
14.9 c m '1 and 40.3 c m '1 below' the dissociation limit. Together with the previous 
estimate for Ar" = l, this gives 57135.8. 57136.0, 57135.7 cm '1 for the dissociation 
limit from measurement of the step wavelengths for A; "=l, 3, 5. (This assumes 
tha t  the previous centrifugal barrier calculations were correct; the maximum barrier 
being only 0.7 c m '1 for Ar" = 5.) From the above measurements it is proposed that 
the value 57136.0 ± 0 .5  c m '1 be adopted as the definitive dissociation limit for the 
B state  of 0„.U 2
The previously accepted dissociation limit was that of Brix and Herzberg 
(1954), 57127.5 ± 5  c m '1, obtained from an extrapolation of the band origins for the 
SR band system. This is far more indirect than the present method, which relies 
essentially on the direct measurement of the wavelengths of distinct features in the 
spectrum of Fig 4-7. easily performed within the stated accuracy. The two values 
are reasonably close considering the error estimates and the difference can be ex­
plained by the reasoning which follow's.
Brix and Herzberg (1954) stated tha t  the extrapolation technique for the SR 
bands had often been quoted as an illustration of safe and precise spectroscopic 
methods of determining dissociation limits when only 15 bands were known. The 
value obtained from extrapolating the band origins of the 15 previously known 
bands was 260 c m '1 below the value determined by Brix and Herzberg when 21
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bands were known, thus demonstrating the difficulty with long extrapolations. It is
O
proposed here that  the group of lines at 1750.4 A in Fig. 4-7, associated with an 
unassigned vibrational quantum number n by Brix and Herzberg, are the low'est
rotational members of the (22-0) band. This seems reasonable on intensity grounds 
after examination of Fig. 4-7. It is also proposed on intensity grounds that  the line 
listed by Brix and Herzberg at 57129.50 cm '1 is in fact the 22/?2(l)  line, (i.e. the
unassigned triplet component i= 2 in the notation of Brix and Herzberg). This en­
ables a limited analysis of the small number of lines from the (22-0) band and it 
follows that  the corresponding band origin is G oo = 57130.7 cm '1. The new band 
origin enables an even shorter extrapolation than that  performed by Brix and
Herzberg.
The band origins of Creek and Nicholls (1975) for v ' - 15-21 were used together 
with the above value for v' — 22 to form the difference table given in Appendix B.3. 
The errors become significant by the third difference which is averaged from 
v' —16.5-20.5 to give 4.0 c m '1 as an extrapolated value for higher v'. Extending the 
table by extrapolation implies that AG — 0 at v ’ — 22.95 and the corresponding AG  
curve is shown in Fig. 4-8. The predicted dissociation limit is:
r  22.95
C 99 + /  AG dv'  = 57130.7 — 4.4,J  22
= 57135 -  3 cm *1.
The Brix and Herzberg (1954) extrapolation is shown in Fig. 4-8 for comparison.
The new extrapolation clearly agrees well with the new dissociation limit
57136.0 3:0.5 cm '1 of this work.
4.5.4 Magnitude of Threshold Cross Sections
Threshold cross sections for various wavelengths were estimated from the data 
by fitting straight lines to the measured cross sections aT between thresholds and
measuring the difference in cross section Aa  between successive lines at the cal­
culated threshold wavelengths. The values obtained at T = 8 3 K and T= 295 K are 
listed in Appendix B.4 together with the Boltzmann factors appropriate to the tem­
perature and ground s ta te  rotation of interest. Absolute threshold cross sections a h 
for all observable values of AT" were obtained by dividing the measured cross section 
steps Aa  by the appropriate Boltzmann factor. The estimated threshold cross sec­
tions are plotted in Fig. 4-9 for T— 83 K and T — 295 K together with values cal­
culated according to the theory discussed in Section 4.4.2. The predicted decline in 
the threshold cross sections with A" is clearly observed, despite the relatively poor
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EXPERIMENTAL
EXTRAPOLATION 
(BRIX AND HERZBERG)
EXTRAPOLATION 
CTHIS WORK)
18.5 19 .5 2 3 . 52 0 . 5 2 1 . 5 2 2 .5
I
V
F i g u r e  4-8: A G '  curve for the B  3Z ’u state o f 0 9 show ing the suggested
ex tra po la t io n  o f th is  w ork .  The e x trapo la t ion  o f B r ix  and 
Herzberg (1954) is also shown.
1 T=295K
{  T=83K
—  theoretical
1000
N” (N" +1)
F i g u r e  4-9:  Measured absolute Schum ann-Runge thresho ld  cross sections for
T — 83 and 295 K as a func t ion  o f N " [N " - \ - 1) together w i th  the 
theore t ica l pred ic t ions.
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accuracy of the measured values, and the overall agreement with the theory is very 
good.
T=77.4K
X=1773.1Ä
P (torr)
o
F igure 4-10: Photoabsorption cross section for O0 at 1773.1 A measured
as a function of pressure. Measurements were taken at 
T=77.4 K using the 10 cm absorption cell.
4.5.5 Cross Sections in the Region 1760-1980 A
The results of a typical pressure dependent cross section determination are 
given in Fig. 4-10. The 10 cm cell was used at liquid nitrogen temperature (77 K)
O
and the absorption minimum under study was at 1773.1 A. The linear dependence 
of the measured cross section with pressure is apparent. The cross section extrapo­
lated to zero pressure is 1.14 x 10‘21cm2 and the pressure coefficient (given by the 
slope of the line in Fig. 4-10) is 8.1 x 10'24cm2/to r r .  Linear pressure dependence 
was observed a t  all wavelengths provided tha t  experimental conditions were such 
tha t  saturation of absorption did not occur at low pressures.
The cross section and pressure coefficient measurements in the wavelength
°
range 1760-1980 A are given in Appendix B.5 for temperatures of 295 K and 
~ 80 K respectively. The extrapolated cross sections o M were corrected for the ef­
fect of wings of the neighbouring SR lines as previously discussed. The wing correc-
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tions, aw, are also given in Appendix B.5. Pressure broadening of the rotational 
lines of the SR bands also provides a pressure dependent cross section contribution 
and the measured pressure coefficients were corrected for this effect, the correction 
being denoted (der/dP)^. The residual cross sections aT and pressure coefficients 
(d a /d P )r are given in Appendix B.5 together with error estimates arising from 
statistical errors in the measured values and assumed errors of about 20% in the 
corrections. At the longer wavelengths the values become quite inaccurate due to 
comparatively weak absorption. Longer path lengths are required to make more ac­
curate measurements in this region. The 10 cm cell and lower temperature enabled 
the measurements to be usefully extended to significantly shorter wavelengths than 
originally possible with the 1.2 m cell at room temperature. The gaps in the 
results correspond to measurements made with the 1.2 m cell where it was not pos­
sible to measure a pressure coefficient because of absorption saturation at relatively 
low pressures.
The line pressure broadening correction applied to the measured pressure coef­
ficients was 0.21 cm ^ /a tm .,  which is a recently obtained value from the preliminary 
results of a study of pressure broadening in O0 made in this laboratory. The pres­
sure broadening uncertainty is most important at room temperature and at the 
shorter wavelengths.
Appendix B.5 also lists the theoretical SR continuum cross section component, 
a SR, as calculated in Section 4.4. Values of are plotted for room and liq­
uid nitrogen temperatures in Fig. 4-11 where the results at both temperatures ex­
hibit qualitatively similar behaviour. The cross section falls from ~  1 x 10'21cm2 at
O o  o  o  # m
1760 A to ~  1 x 10'“°cm“ near 1900 A, the latter being the Herzberg continuum
°level. The cross section accuracy in the region 1800-1900 A is poor, due to the 
broad absorption lines and consequent large wing corrections, and thus it is not pos­
sible to discern anv structure. It is. however, clear that even after allowing for the 
SR and Herzberg continua, as well as the wings of the SR lines, there still remains
o o
a definite component of the continuum between 1760 A and 1900 A. This ad­
ditional contribution to the continuum must arise from a transition other than A - X
or B - X.
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The results of two other studies of the underlying continuum are plotted in
. # O
Fig. 4-11 for comparison and also to extend the results to 2050 A. The other cross 
sections plotted in Fig. 4-11 are those of Ogawa (1971) and Cheung et al. (1984). 
Wing corrections have been applied to their results for the appropriate experimental 
conditions and the SR continuum cross section has been subtracted where ap­
propriate.
The cross sections of Ogawa (1971) agree with those of this work within the 
combined experimental errors. Cheung et al. (1984) claimed that interference from
the SR lines was negligible in their continuum measurements, presumably because of
°their excellent wavelength resolution of 13 mA. This is not true for the shortest 
wavelengths of their work, however, because there is a resolution independent 
pseudo-continuum due to the Lorentzian wings of nearby predissociation broadened 
lines which must be considered out to a large distance on each side of the 
wavelength of interest. For example, under the experimental conditions of Cheung 
et al. (1984) at 1935.8 A a wing correction of 1.1 x 10‘23cm2 to their measured cross 
section of 1.4 x 10'23cm2 was calculated. It can be seen from Fig. 4-11 that the cor- 
rections result in a downturn of their cross section below ~  1970 A which makes 
them inconsistent with the other results. The wing corrections of the present work 
in this region are fairly consistent with those of Hudson and Mahle (1972), who cal­
culated a wing correction of 1.0 x 10'23cm2 at 1935.8 A for the experimental con­
ditions of Ogawa (1971). Due to the small absorption in this region and con­
sequent large uncertainty in the present results, it was not possible to resolve the 
discrepancy between the results of Ogawa (1971) and Cheung et al. (1984). Two 
measurements from Shardanand and Rao (1977) are also shown in Fig. 4-11 and 
these merge smoothly with the results of Ogawa (1971).
The pressure coefficients { d o , d P ) T at T — 295 K given in Appendix B.5 are 
shown in Fig. 4-12 together with those of Ogawa (1971), Cheung et al. (1984) and 
Shardanand and Rao (1977). All results have been corrected for pressure broaden­
ing effects as described above. The results of this work and those of Ogawa agree 
within the combined experimental errors, but the present results tend to be slightly
O
low'er at wavelengths shorter than 1880 A.
4.6 D iscu ssion
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g u r e  4 -1 1 : U nd e r ly ing  O 0 c o n t in uu m  cross sections measured a t T— 295 
and ~  80 K corrected for the effects o f line w ings and the 
S chum ann -Runge co n t in uu m . The room tem pera tu re  results 
o f o the r  workers are shown a fte r the app lica t ion  o f s im ila r  
correct ions.
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F i g u r e  4 -1 2 :  Measured room tem pera tu re  pressure coeff ic ients a fte r correc­
t ion  for pressure broadening, toge ther w i th  the s im i la r ly  cor­
rected results o f  o the r workers.
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4.6.1 The Schumann-Runge Continuum
The theoretical predictions based on the model of Gies et al. (1982) have 
been confirmed experimentally for the first time. The present measurements are the 
first to exhibit the predicted step-like s tructure associated with transitions from 
rotationally excited levels of the ground state to the B  3 IT] state continuum. The 
wavelengths and the magnitudes of the threshold cross sections both agree well with 
the theoretical calculations. An unexpected result of the study of the underlying 
continuum has been the determination of a new dissociation limit of 
57136.0 ±0 .5  cm '1 for the B  state, which supersedes the previously accepted value of 
57127.5 ± 5 .0  cm'1.
The only major discrepancy evident between the theoretical predictions for the 
underlying SR continuum and the actual measurements is their gradual divergence
O
with increasing wavelength above ~  1770 A, clearly seen in Fig. 4-4. This dis­
crepancy is explained in the following section.
4.6.2 The Role of the 3/7 State
9
Figure 4-11 shows that  the continuum cross section, minus the SR continuum
°contribution, increases markedly at wavelengths below ~ 1900 A. At wavelengths
°greater than ~ 1900 A the continuum cross section is fairly constant at 
~ 1 x 10'23cm2. corresponding to the level of the Herzberg continuum. Clearly, nei­
ther the A - X  (Herzberg) or the B - X  (Schumann-Runge) transitions are responsible 
for the continuum cross section component evident in Fig. 4-11.
The extra cross section component cannot be explained as the result of a sys­
tematic error in the calculated SR continuum from rotationally and vibrationally ex-
O
cited ground state molecules which has an influence below ~ 1820 A as shown in
Appendix B.5. The low temperature results rule out this possibility since the SR
°continuum plays a significant role only below ~ 1765 A at this temperature  (due to 
the depleted population of rotationally and vibrationally excited levels in the ground
state molecules), yet a definite underlying continuum of between 10 ' "  and 10'2,cm2
°is still measured from 1765-1790 A.
The earlier suggestions of a significant contribution from absorption into the 
3/7u state, made for example by Fang et al. (1974). have been discounted by the ab 
init io  calculations of Guberman and Dalgarno (1979) and Allison et al. (1982) 
which predicted that  °/7 -  A' absorption should have a cross section significantly less 
than 10'23cm2 in this spectral region.
Cartwright  et al. (1976) a ttempted to decompose electron energy loss spectra 
for 0 0 under various conditions of electron energy and scattering angle, and deduced
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a small contribution from a state at 7.5 ±0.1 eV which thev classified as a 3/7
9
valence state on the basis of ab init io  calculations. Lee et al. (1977) examined 
quantum yields for 0 ( 1D) from photodissociation of 0 o between 1160 A and 1770 A 
and found no evidence for a contribution from the 3/7^  state of the magnitude 
predicted by Cartwright  et al. (1976). Closer inspection of the results of Lee et al. 
(1977), however, shows that  3/7  ^ contributions of a few percent of the total cross
section cannot be ruled out. The results shown in Fig. 4-11 imply an unclassified
°underlying cross section of the order of I t c  of the SR cross section at 1750 A, 
which is quite consistent with an assignment to the 1377^  state and also with the 
results of Lee et al. (1977).
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F i g u r e  4-13: Potential curve diagram for O,. The X  and B  curves are
RKR from Gibson et al. (1983) and the A and l 3/7  ^ curves 
are ab init io  from Saxon and Liu (1977) shifted to agree with 
the experimental Franck-Condon region determination of 
Cartwright  et al. (1976).
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There is little quanti ta tive information available for the 1^/7 state. Saxon 
and Liu (1977) have calculated an ab init io  potential curve for this state and a 
small portion of the curve near the Franck-Condon region has been determined ex­
perimentally by Cartwright  et al. (1976). In order to perform some calculations on
the l 3/7 -JY transition the ab init io  potential curve of Saxon and Liu (1977) was
°shifted to lower energies by 0.1 eV and to smaller internuclear separation by 0.09 A 
so as to agree with the experimentally determined curve of Cartwright et al. 
(1976) in both slope and vertical excitation energy ( ~ 7.5 eV). These shifts are in 
the usual direction required to force agreement between experimental and ab initio 
potential curves, and are relatively small (see for example Cartwright  et al. (1976)). 
The l 3/7  ^ potential curve obtained in this way is shown in Fig. 4-13 together with 
the RKR potential curves of Gibson et al. (1983) for the X  ZE '  and B  3£C states 
and the ab init io  potential curve of Saxon and Liu (1977) for the A state again 
shifted to coincide with the Franck-Condon region determination of Cartwright et al. 
(1976). The plateau in the l 3/7  ^ curve results from an avoided crossing wüth the 
23 77 state.
9
The Schrödinger equation for a non-rotating molecule was solved numerically 
for the A' and s tates  using the Numerov integration method (see for example
Cashion (1963) or Allison (1969)) and the relative cross section for absorption into 
the 1377^  state from the zero vibrational level of the ground state was evaluated 
from the formula
o ^ d r f .  (4.6)
where . and V \ are the normalised initial and final state wavefunctions and A is
L‘ — O  A
the wavelength of the transition. The electronic transition moment  has been as­
sumed independent of internuclear separation in the absence of any existing calcula­
tion.
Figure 4-14 shows the l3/7^-A' absorption cross section so obtained as a func-
O
tion of wavelength above 1550 A, together with the underlying continuum cross sec­
tions of this work. All experimental results were taken at  LN0 temperatures to
provide the most valid comparison with the rotationless calculations. The theoreti-
°cal cross section has been normalised to the experimental results near 1770 A. 
Figure 4-14 also shows the approximate Herzberg continuum based on the measure­
ments of Cheung et al. (1984) and the theoretical extrapolation of Ditchburn and 
Young (1962).
O
The wavelength dependence of the experimental results from 1760-1800 A is in
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F ig u r e  4 -1 4 : T heo re tica l cross section fo r the l 3/ 7 — X  3AU tra n s itio n  no r­
m alised to  the  low  te m p e ra tu re  resu lts o f th is  w o rk . A  
th eo re tica l curve  fo r the Herzberg co n tin u u m  is also shown 
a long w ith  an upper l im it  fo r the cross section near 1730 A 
deduced fro m  the w o rk  o f Lee et al. (1977).
°
good agreem ent w ith  the th eo re tica l ca lcu la tio ns  o f F ig. 4-11. Above  1800 A the
e xpe rim en ta l resu lts  f la tte n  o ff in to  the Herzberg co n tin u u m . F igu re  4-14 provides 
s tron g  su pp o rt fo r the assignm ent o f the e x tra  u n d e rly in g  co n tin u u m  observed in 
th is  w o rk  to  a bso rp tion  in to  the 1377^  s ta te , in general agreem ent w ith  the conc lu ­
sions o f C a r tw r ig h t el al. (1976). i f  no t in a c tua l co n tin u u m  s tren g th . The
°
th eo re tica l c o n tin u u m  peaks at ~  1660 A  w ith  a m ax im um  cross section o f abou t 
6 x  10 '21cm 2 w h ich  is a fac to r o f about 2300 weaker than  the a llowed B - X  con­
tin u u m  peak. M ag ne tic  d ipo le  a llow ed tra n s itio n s  such as the 3/7 ^ -A ' are genera lly 
expected to  be abou t a fac to r o f 10,000 weaker than  a llow ed e lec tric  d ipo le  tra n ­
s ition s , as m entioned  in  Section 2.1.6.
U pon e xam in a tion  o f the resu lts  o f Lee et al. (1977) a low er l im it  o f abou t 
0.95 can be assigned to  the 0 ( ‘ D ) y ie ld  near 1730 A . U sing a va lue o f
4.2 x 10 '19cm 2 fo r the  SR co n tin uu m  a t 300 K  (G ibson  et al. (1983 )), i t  fo llow s th a t 
~ 2 x  10'2°cm 2 is an upper l im it  fo r the  l 3/7g- X  cross section, w h ich  is w e ll above
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the value implied by the present measurements. The results of Lee et al. (1977) 
are therefore not inconsistent with this work.
4.6.3 Collision Induced Absorption
The increase in 0 0 absorption with pressure has been attributed by 
Shardanand (1969, 1977) to absorption by the dimer ( 0 2)2. The equation used by 
Shardanand (1969) for the measured cross section, ° eff {A), is
oeff{\)  = a 1(\)  + K a 2( \ ) \ ,  (4.7)
where a 2(A) is the absorption cross section of O a 2(A) is the cross section of ( 0 2)2, 
N  is the number density of 0 o and K  is the equilibrium constant governing for­
mation of the dimer, assumed by Shardanand (1969) to be given bv the second 
virial coefficient for 0 0. For T—300 K, K —2.6 x 10'23cm3/molecule. This interpreta­
tion has been questioned by some authors, for example Ogawa (1971), Cheung et al. 
(1984) and Johnston et al.  (1984).
It was noted recently by Cheung et al. (1984) that little information on the 
properties of the species responsible for the pressure dependent cross section could be 
deduced from room temperature measurements of the type mentioned. While Eq. 
(4.7) is certainly consistent with the measurements, uncertainties in K  and the as­
sumption that only bound state dimers are involved make any deduced values of 
dimer cross section extremely dubious. Another recent study, Johnston et al. 
(1984), concluded that the extra absorption is more likely to be due to O, tran­
sitions perturbed by nearby 0 2 molecules rather than absorption by the species 
(O,,),,. The controversy over the significance of bound dimers has been summarised 
in a broader sense by Krupenie (1972).
The pressure coefficient measurements of this work enabled the hypothesis of 
Shardanand (1969. 1977) to be examined more critically because of the extra infor­
mation obtained by varying the temperature. The pressure coefficients were ex­
pressed in terms of number density as (da d . \ ) T cm5/molecule in Appendix B.5 
where the statistical error was not too large. These values are plotted in Fig. 4-15 
for both room and LN0 temperatures. The two data sets merge fairly smoothly in
O
the range of overlap from 1830-1910 A. Shardanand (1978) measured the tempera-
O
ture dependence of the pressure coefficients at wavelengths longer than 2050 A and 
at temperatures from 200 K to 348 K and obtained a small negative dependence 
which is not inconsistent with the present results. The measurements of
O
Shardanand (1978) merge smoothly with the present results near 2000 A.
The measurements presented here indicate that the assumption of Shardanand 
(1969, 1977, 1978) regarding absorption by (O,,),, dimers must be in error. The
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rate coefficient K  in Eq. (4.7) is expected to increase markedly on decreasing the 
temperature from 295 K to ~ 80 K (Johnston et al. (1984)) and in fact an ex­
trapolation of tables of virial coefficients for O 0 (Serigers et al. (1972)) indicates an 
increase of about a factor of 20. From Eq. (4.7). d<rf^ /d .Y=  and thus the
results plotted in Fig. 4-15 would imply that the dimer absorption cross section cr0 
should decrease by a factor of 20 at all wavelengths on going from room tempera­
ture to LN,, temperature. This seems unlikely and thus the initial assumption of 
the Shardanand theory is equally unlikely. Johnston et al. (1984) have also noted
that  the observed small increases in pressure coefficient for decreasing temperature
°(Shardanand (1978)) above 2050 A are much smaller than the increase in the equi- 
librium constant K  and have reached similar conclusions regarding the validity of 
the (O0)0 absorption theory.
In summary,  there is no evidence at all for the existence of stable (O,),  
dimers from photoabsorpton measurements in this spectral region. From Fig. 4-15 
(dcr/d.Y)^ is not significantly temperature dependent and the wavelength dependence 
approximately follows that  of the underlying forbidden A - X  and 3/7 -  A' transition
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cross sections. The pressure effects can thus be modelled fairly easily. A much 
simpler explanation for the observed pressure dependence of the absorption cross sec­
tion is the assumption tha t  the increased absorption is due to unbound collision 
pairs enhancing the probabilities of the A - X  and 3/7^-X transitions.
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CHAPTER 5
THE SCHUMANN-RUNGE BANDS OF 160
2
5.1  I n tr o d u c t io n
The overall s t ructure  of the SR bands  can be seen in Fig. 1-2 where the
measured absorpt ion cross section of 0 0 is plotted as a function of wavelength in
°the range 1800-1900 A. Each of the vibrat ional  bands  consists of a series of closely 
spaced rotat ional  lines whose envelope follows a Bol tzmann dist ribution.  A feature 
which is obscured in Fig. 1-2 is the presence of the so called ‘hot bands' ,  which
arise from vibrationallv excited ground s t a te  molecules. These become impor tant  at  
higher temperatures ,  but at T = 3 0 0  K only ~  0.05% of ground s tate oxygen
molecules are in the vibrat ional  level v " —\ and therefore the hot bands  appear very 
weak in compar ison to the r " - 0  bands.
The rotat ional  lines in a given band occur in pairs of 7?(.V"-*-2) and F\.X")
t riplets,  which become increasingly separated a t  higher rotat ion.  For bands  with 
u ' > 6  the P [ \ " )  triplet lies on the short  wavelength side of the R(.Y"-r2) triplet
and the  opposi te applies for bands  with r ' < 6 .  For the v '  — 6 band the P  and R
branches  overlap.  The triplet  spl it t ing increases rapidly wi th N  and v '  and near
the dissociation limit it is of the same order as the rotat ional  s tructure .
The determinat ion of l inewidths requires an accura te  knowledge of line oscil­
lator s trengths.  As earlier ment ioned,  no complete and reliable set of experimentally 
determined oscillator s trength  values for the whole of the  SR bands exists. 
Therefore,  a l though the main aim of this par t  of the work was to study predissocia­
tion linewidth var iat ion with rotat ion,  individual line oscillator s t rengths  were de te r ­
mined in conjunct ion wi th the linewidths.
5.2  P r e v io u s  M e a s u r e m e n t s
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5.2.1 Line Positions
The Schumann-Runge absorption bands were first reported by Schumann in
1893. He observed 14 discrete absorption bands in air at wavelengths below 
°2000 A. In 1921, Runge photographed emission bands in oxygen in the wavelength 
° °region 3100 A to 4370 A. It was later established that these bands were of the 
same system studied by Schumann (1893). Lochte-Holtgreven and Dieke (1929) per­
formed a detailed analysis of Runge’s photographic plates. They examined the rota­
tional structure for the bands u' = 0, 1, 2; v "= l l -2 1  and determined rotational con­
stants.
Curry and Herzberg (1934) measured the absorption bands (1-0) to (5-0) and
(4-1) to (7-1) and obtained improved constants for the X  and B  states.
Knauss and Ballard (1935) photographed absorption bands in the region 
°
1760-1925 A and gave a rotational analysis for the (4-0) to (15-0) bands.
Lai (1948) produced more than two dozen emission bands in the region
°
2450-4490 A which were attributed to the B - X  transition. Lai's vibrational assign­
ments were questioned by Feast (1950), who gave a rotational analysis for emission
°bands in the region 2500-3100 A. Spin triplet splitting was not resolved.
Brix and Herzberg (1954) made the most precise measurements up to that
time of the SR absorption bands with high v ' . These measurements remained the 
best available until the work of Yoshino et al. (1984). Bands with v"=0 and
v ' =  12-21 were observed. The last bound level, v '=22,  was extrapolated. Near the 
convergence limit, the triplet splitting was comparable to the rotational structure. 
The appearance of extra lines and intensity irregularities resulting from perturbations 
were observed for v' > 16. There remained approximately 100 weak unclassified lines 
near the dissociation limit. Perturbations prevented the assignment of these lines. 
Brix and Herzberg also determined an improved dissociation limit value for the
B  state of 57128 ± 5  cm '1, which has since been regarded as definitive.
Ogawa (1966). using a quartz spectrograph, photographed the absorption
spectrum of electrically excited oxygen and identified 17 bands in the wavelength
°region 1970-2250 A. He obtained rotational constants for both the upper and lower 
states.
Ogawa and Chang (1968) photographed 34 absorption bands in the region
O
1770-2000 A. The observed bands, half of them new', included members of the 
v" — 0, 1, 2, 3 progressions.
Hudson and Carter (1968) observed more than 1000 new lines belonging to
°bands in the v" =  l ,  2 progressions in the region 1750-2020 A. They studied absorp­
tion in oxygen at elevated temperatures of up to 900 K.
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Ackerman and Biaume (1970) made high resolution photographic measurements 
of the (0-0) to (13-0) bands, and determined rotational and vibrational constants.
Creek and Nicholls (1975) remeasured the SR emission spectrum and deter­
mined a self consistent set of spectroscopic constants.  The triplet splitting was 
found to be of the same order as the thermal and collision broadening in their light 
source and therefore each band was treated as if the P  branch and R  branch both 
had singlet structure, i.e. the triplet splitting was ignored.
Yoshino et al. (1984) presented a new photographic atlas of the SR absorption 
bands of O0 and tables of wavenumbers measured for rotationally assigned P  and R  
branch lines of the (0-0) to (17-0) and (2-1) to (17-1) bands. They also gave 
measured wavenumbers for lines in the dissociation limit region where many un­
assigned lines exist. The results of Yoshino et al. are the most complete and ac­
curate data currently available on the rotational line positions in the SR absorption 
spectrum.
5.2.2 Oscillator Strengths
There have been several different methods used to measure oscillator strengths 
in the SR bands, with some disagreement between the various results.
Ditchburn and Heddle (1954) took microphotometer tracings of photographic 
plates and calculated oscillator strengths for the (2-0) to (17-0) bands and extrapo­
lated these to give values for the (1-0) and (18-0) to (20-0) bands. Hasson et al. 
(1970) also used a photographic technique in determining oscillator strengths for the 
(0-0) to (3-0) and (2-1) to (5-1) bands from absorption in air.
Shock tube measurements were made by Keck et al. (1958) and Treanor and 
W urster (1960).
Bethke (1959) used argon to pressure broaden the rotational SR lines in O 0 
and thereby eliminated instrumental dependence in the absorption cross section. By 
integrating over each vibrational band. Bethke obtained band oscillator strengths for 
the (2-0) to (17-0) bands. These results were regarded as the best available for 
many years. The pressure broadening technique was also employed by Halmann 
(1966).
Blake et al. (1966) and Farmer et al. (1968) used moderate resolution 
photoelectric techniques to determine band oscillator strengths. Hudson and Carter 
(1968) performed the first high resolution (75 mA) photoelectric investigation of the 
SR absorption bands. Their original data  has since been re-analysed by Hudson and 
Mahle (1972) and Frederick and Hudson (1979). The resolution was such that  the 
bands could be analysed on a line by line basis which led to the development of a
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least squares fitting technique of analysing photoabsorption data  which formed the 
principal basis for much of the later photoelectric measurement analysis.
Lewis et al. (1978, 1979, 1980), Gies et al. (1981) and Gibson (1983) made 
line by line measurements photoelectrically with an instrumental resolution of
O
60 mA. They developed a curve of growth analysis technique which has been 
gradually refined and which forms the basis of the data  analysis used in the present 
work.
Yoshino et al. (1983) and Smith et al. (198-4) have measured SR band absorp-
. . . . . . 0tion cross sections photoelectrically with an instrumental resolution of 13 mA, which
is less than the predissociation linewidths of the (1-0) to (12-0) bands. The cross 
sections presented by Yoshino et al. (1983) for the (1-0) to (12-0) bands are there­
fore absolute in the sense that  they are independent of the instrumental width. 
The band oscillator strengths were determined by direct numerical integration of the 
measured cross sections, thereby being independent of any modelling technique. The 
determination of the (13-0) to (16-0) band oscillator strengths by Smith et al. 
(1984), however, involved a fitting procedure (similar to that  of Frederick and 
Hudson (1979)) since the narrower predissociation linewidths of these bands meant 
that  the observed cross section was no longer independent of the instrumental
width.
Another photoelectric technique was employed by Ackerman et al. (1969, 1970) 
who measured absorption cross sections at spot wavelengths (corresponding to silicon 
emission lines), and then fitted a synthetic spectrum to the results. They assumed
a purely Lorentzian profile with a constant FWHM of 1.4 c m '1 for all rotational
lines, an assumption now' known to be incorrect.
Huebner et al. (1975a. b) determined band oscillator strengths for the (1-0) to 
(20-0) bands from electron energy loss measurements. The energy resolution was 
poor in comparison with optical measurements.
The previous measurements described here are summarised in Figs. 5-1 and
5-2. The theoretical predictions of Allison et al. (1971) and Allison (1975) are also 
shown. There is clearly general agreement between the various results overall, al­
though the band oscillator strength values for any one band may show7 significant 
variation. The theoretical predictions are also seen to be in good agreement with 
the measurements.
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Allison (1975) predicted variation of band oscillator strength with rotation and 
this prediction has been experimentally verified by Lewis et al. (1979), Gies et al. 
(1981) and Gibson (1983).
5.2.3 Predissociation Linewidths
Predissociation of the B  3 IT state was first suggested by Flory (1936) who in­
voked predissociation by a repulsive 3/7u state  to explain (i) the absence of B - X  
emission lines with v' > 2, (ii) broadening of B - X  absorption lines with tP>2, (iii)
very weak fluorescence which disappears at low pressures and (iv) the formation of
°
ozone in 0 2 irradiated by 1849 A mercury light. Feast (1949) claimed to have ob­
served B - X  emission from bands with v '  = 3 and therefore discounted predissociation. 
Strong photochemical evidence for predissociation was presented by Volman (1956).
Wilkinson and Mulliken (1957) observed rotational line broadening in the 
(12-0) band. They were unable to establish whether the broad structure in bands 
with v '>  12, observed in their high resolution spectra, arose from predissociation or 
was due to unresolved triplet structure. Again the 3/7u state was proposed as the 
cause of the predissociation.
Rakotoarijimy et al. (1958) observed diffuseness in bands with v '  = A. Herman 
et al. (1961) claimed there were strong perturbations of u' = 3, 4 but not v '  = 5. 
Carroll (1959). in high resolution spectra, found tha t  all the lines in the (4-1) band 
were diffuse, indicating predissociation below v' = 4, A7=0. A possible weaker predis­
sociation was also observed in the v' = 3 and v' =  5 bands. Carroll found another 
weaker predissociation around t> '= ll  on re-examination of plates taken by Brix and 
Herzberg (1954). Carroll concluded that the 3/7u curve probably crossed the right 
limb of the B  curve near v '= 4  and another possibly different curve crossed the
B  curve near v ' =  l l .
Hudson and Carter (1968, 1969) measured rotational linewidths in high tem­
perature photoelectric absorption spectra. They concluded that all B  state levels 
from v '  = 3 to v'  — \ l  were predissociated.
Ackerman and Biaume (1970) observed line broadening for r '  = 0-13, although 
their primary concern was fine structure analysis. They were unsure as to whether 
or not the apparent peak in broadening for the (11-0) band arose from separation of 
triplet components, which made widths difficult to measure.
Theoretical investigations of B  predissociation were made by Schaeffer and 
Harris (1968), Riess and Ben-Aryeh (1969), Murrell and Taylor (1969), Child (1970), 
Schaeffer and Miller (1971) and Durmaz and Murrell (1971).
The first theoretical calculations to closely reproduce the experimentally ob-
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Figure 5-1: Previous band oscillator strength measurements for the (1-0)
to (8-0) Schumann-Runge bands of 160 0 together with the 
theoretical predictions of Allison et al. (1971) and Allison 
(1975).
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F igure 5-2: Previous band oscillator s trength measurements for the (7-0)
to (20-0) Schumann-Runge bands of 160 0 together with the 
theoretical predictions of Allison et al. (1971) and Allison 
(1975).
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served variations of predissociation linewidth with vibration were performed by 
Julienne and Krauss (1975) and Julienne (1976). Julienne and Krauss (1975) con­
cluded tha t  the dominant state  causing B  3<FJ predissociation was the 577u with the 
3/7u and !/7u making lesser contributions. Julienne (1976) found tha t  coupling to 
the 23Xu+ state was also significant and tha t  its inclusion resulted in an even better 
theoretical fit to the available experimental results. Julienne also predicted complex 
variations of linewidths with rotation resulting from centrifugal effects. Sink and 
Bandrauk (1977) have also made predissociation linew'idth calculations of somewhat 
lesser accuracy.
Frederick and Hudson (1979) determined linewddths from a re-analysis of the 
measurements of Hudson and Carter (1968) and concluded that there was an overall 
tendency for linewidths to increase with rotation. They presented 27 linewidth 
determinations in the (8-0) to (13-0) bands.
Lewis et al. (1978, 1979, 1980) determined linewidths for individual rotational 
lines and found, for most bands, no statistically significant variation of linewidth 
with rotation. Gies et al. (1981), in a continuation of the work of Lewis et al., 
reached a similar conclusion. The variation of predissociation linewidth with vibra­
tion was found to be in good agreement with calculations based on a modified 
Julienne (1976) model.
Gibson (1983) found variations of linewidth with rotation not inconsistent with 
theoretical predictions but his measurements were of insufficient number and ac­
curacy to establish the true variation.
In summary, there is currently good agreement between the present theoretical 
calculations of variation of predissociation linewidth with vibration and the most 
recent measurements. The predicted variation of linew'idth with rotation has not 
yet been experimentally verified.
5.3 T heoretica l  P red ict ion s
5.3.1 Oscillator Strengths
The calculations of Allison (1975) implied tha t  the line oscillator strengths 
within a given band decreased approximately linearly as a function of N"(N"~H )  
and further that the R  branch oscillator strengths had a greater dependence on 
N"(N"+1)  than the P  branch strengths. These predictions have been confirmed ex­
perimentally by Lewis et al. (1978, 1979), Gies et al. (1981) and Gibson (1983). 
The decrease in oscillator strength with rotation results from a combination of the 
rotational dependences of two factors: the transition energy and the Franck-Condon
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factor. The centrifugal energy term added to the rotationless potential in Eq. (4.4) 
varies as 1) resulting in an increase in the transition wavelength by the
same factor and therefore a corresponding decrease in the oscillator strength. 
Gibson (1983) calculated that the variation in the Franck-Condon factor was an or­
der of magnitude greater, but the origin of the N"(N "- (-1) dependence of the 
Franck-Condon factor was not fully understood.
The P  and R  branches correspond to different rotational transitions. The 
overlap between the ground and upper state  wavefunctions decreases with rotation 
due to the centrifugal shift of the potential curves and since the R  branch cor­
responds to a larger rotational quantum number (N'  = N" P i )  the R  branch oscillator
strength for a given N"  will always be smaller than the P  branch (N'  = N " -  l) os­
cillator strength for the same N ”.
The triplet components are also expected to have different oscillator strengths 
but these are likely to be too small to be observed experimentally.
5.3.2 Predissociation Linewidths
The theoretical predissociation model used in this work was based on that of 
Julienne and Krauss (1975) and Julienne (1976) and similar notation has therefore 
been adopted.
According to the selection rules for predissociation given in Section 2.1.10, the 
states of O,, that could possibly cause predissociation of the B state are the 
:>n  , 3/7 , 177 , 5Z” and 23£  + states. Julienne and Krauss (1975) determined that
the spin-orbit coupling between a 3T" state and a 3,E + or 5T,‘ state  was zero in the
first order. The second order contribution of the and 2327j‘ states through
mixing with other states was thought to be negligible compared to the strong 
predissociation induced bv the allowed coupling to the 77 states. The B  predis­
sociation was attributed mainly to the °77 state with minor contributions from the
* U
377 and ]77 states. Julienne (1976) showed that the interaction between the 23L + 
and B 3L^  states was significant and had to be included in predissociation calcula­
tions.
An absorption line corresponding to a transition to the bound triplet level Tv 
with vibrational and rotational quantum numbers v and J  is broadened by an 
amount
K ( 5 1 )
a
where the sum is over a =  5 77u, 3^ u+, 377u, ]77u and the quantities T 2 are the matrix 
elements for interactions between the bound state and the repulsive states and are
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given in Table II of Julienne and Krauss (1975) and Table I of Julienne (1976). 
The small electronic-rotation interaction which contributes to the B  3Z7‘ —3 77 cou-
t l  U
pling (see Table II of Julienne and Krauss (1975)) has been ignored in the present 
work. The spin-orbit matrix elements given in Table I of Julienne (1976) for mixed 
case (a)-(b) coupling were used and are reproduced in Table 5-1. The mixing coef­
ficients for the B  state are given by Tatum and Watson (1971) as
F2(vJ) -  F^vJ)
a (vJ)  =  I------------------------------
and
-  f 2(vJ)
MvJ) = p. , . 1/z.F3(vJ) -
The vibrational-electronic matrix element in Table 5-1 is
(5.2)
{„(£) = , (5.3)
where and 'FE are the bound and energy-normalised continuum vibrational
wavefunctions respectively, /l(r) is the electronic spin-orbit matrix element and E  is 
the energy of the bound vibrational level v. The wavefunctions were calculated by 
numerical integration of Schrodinger's equation.
T a b l e  5-1: Matrix elements T 2 for predissociation through spin-orbit
coupling. Mixed case (a)-(b) representation of the 3IC state
has been assumed. £ is defined in Eq. (5.3) while a and 6 are 
defined in Eq. (5.2).
Coupling to 3 r ;  1 /7u 1 u 5 / 7 U 3 n u
Level '
F , b2e ( l + 6 2/ 6 ) f 2 (Ua2)e
f 2 c2s C?/6)C2
a 2 « 2 (l + a 2/6 ){2 (1 + 62)«2
The B  3 IF  s ta te  was calculated from spectroscopic constants fitted to the 
wavenumber measurements of Yoshino et al. (1984) with a Morse extension from 
the inner v'  = \4 turning point optimised to be consistent with the SR continuum
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temperature coefficients of Gibson et al. (1983). The repulsive potentials were taken 
to be exponential, of the form (Julienne and Krauss (1975))
y[r) = V exp \ - { M J V x)(r -  r j ]  + , (5.4)
where V ^  is the energy of the 0 ( 3P) + 0 ( 3P) asymptote, r x is the crossing point and 
Vx the energy at which the repulsive potential crosses the B  3 IF  potential and M  
is the slope of the repulsive curve at the crossing point. The electronic matrix ele­
ment T(r) was assumed to be independent of r and to have a constant value 
A z= A ( r x) after the discussion by Julienne (1976).
Rotationless F0 linewidths were calculated for v '=0-16 using Eqs. (5.1) and 
(5.3) and the spin-orbit matrix elements in Table 5-1. The repulsive state 
parameters of Julienne (1976) were used. The linewidths obtained were essentially 
identical to those of Julienne, which indicated tha t  any small differences between the 
assumed B  3£ J  potentials were insignificant, a t  least in terms of such predissociation 
linewidth calculations.
Calculations of linewidth as a function of rotation were made in a similar way, 
but with the centrifugal energy term given in Eq. (4.4) added to both the bound 
and unbound potentials. The major contributor to rotational dependence was found 
to be centrifugal distortion with secondary effects due to the J  dependences of the 
B  3Z’J state mixing coefficients and the intermediate case (a)-(b) coupling factors of 
Table 5-1 for the F] and F3 levels.
The full set of partial widths r(vJi )  were calculated using the above procedure 
in order to provide a valid comparison with the unresolved experimental triplet 
widths. They were then averaged over the fine structure parameter i for a fixed N  
(J = N, N ±  1) since this is how the triplets occur in practice. This method is less 
convenient than the neat sum rules of Julienne and Krauss (1975) and Julienne 
(1976) where the averaging is performed for fixed J ,  but is more appropriate for 
most experimental comparisons. For simplicity the predissociation linewidths are
denoted by f  to indicate the fine structure averaging although some of the ex­
perimental widths were determined from resolved triplet compenents.
5.4 E xp erim en ta l P roced u re
The 1.2 m absorption cell was used at room temperature for the work 
described in this chapter. The cell was filled with medical grade 0 2 passed through 
a cold trap (liquid nitrogen cooled for gas pressures below 150 torr, otherwise dry 
ice cooled) a t pressures ranging from 0.1 to 850 torr.
The absorption line of interest was scanned a number of times with the empty
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cell transmission being measured before and after the scans. Wavelength increments
. O
varied from 3-10 mA depending on the width of the line being scanned. The scan­
ning procedure was carried out automatically as described in Chapter 3. The equiv­
alent width of the line was calculated from the measured transmission values using 
an average value of the empty cell backgrounds taken before and after the scan. 
Care was taken to calculate the equivalent width over exactly the same wavelength 
range relative to the line peak for each of the consecutive scans of a given line and 
the averaged value was taken as the final measured equivalent width.
This procedure was generally performed for each absorption line at two widely 
differing pressures to enable the simultaneous determination of the oscillator strength 
and the predissociation linewidth by the curve of growth analysis described in 
Chapter 2.
For the weakest absorption lines (the (1-0) band and higher rotational lines in 
the (2-0) and (3-0) bands) the pressures required to apply the above method ac­
curately with the 1.2 m cell were beyond the maximum capability of the apparatus. 
In such cases the linewidths were obtained by a two parameter least squares fit to 
the observed line profiles at a single pressure using the method described in Chapter 
2. Linewidths determined by this method were consistent with those obtained by 
the equivalent width method in the cases where both methods were compared for a 
given line.
The study of high rotational lines was very important in this work and it was 
therefore essential to characterise weak absorption features as accurately as possible 
in the model. Figure 5-3 shows a region of the absorption spectrum of 0 0 between 
the /?(19) and P[ 19) lines of the (9-0) band. Lines from the (13-1) and (14-1) 
bands are evident as is the /?(17) line from the (9-0) band of the isotope 160 180 . 
Clearly, a model which neglected the isotopic bands could produce significant errors 
in equivalent widths for both hot band lines and high rotational lines of the v"=0 
bands when oxygen of normal isotopic composition is used.
Figure 5-4 shows the experimentally measured transmission values for a scan of
the /Ü(15)P(13) lines of the (4-0) band at a pressure of 466 torr. The gas tempera-
°ture was 295 K, the instrument resolution was 45 mA and the wavelength mere-
°ment between steps was 10.67 mA. The statistical error in each data point is
~ 1% in the line wings. The model profile for these conditions is also shown in
Fig. 5-4, using an oscillator strength /=  2.64 x 10"' and predissociation linewidth 
r —3.52 cm'1, the measured values of this work. The model profile is clearly in ex­
cellent agreement with the observed profile, verifying that an equivalent width 
analysis will give accurate line profiles provided that there are no local line clas-
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(9—0)P(14) (9—0)R(16) (9 —0)P(15) (9 — 0)R(17) (9—0)P(16)
,(13-1)P(13). (13 — 1 )R(15) (13-DPC15)
1 8 4 0 . 0 1 8 4 0 . 8 1 8 4 1 . 6
W A V E L E N G T H  (A)
O
F i g u r e  5 -3 :  The measured absorption spectrum near 1840 A for 0 0 of
normal isotopic composition. The pressure was 55 torr, the
temperature was 295 K .and the instrument resolution was 
0.06 A. The predicted model spectrum for these conditions is 
also shown.
sification problems. (The equivalent width is basically independent of the instru­
ment. resolution and thus the method does not require an accurate knowledge of this 
parameter unlike the line profile fitting method of analysis.) Also shown in Fig. 5-4 
are two additional theoretical line profiles calculated in the same w'ay, but with f  
changed by ±25%. As expected, the maximum difference occurs in the line wings 
and although it is not large it is still far in excess of the ~ 1% scatter of the ex­
perimental measurements and it is thus possible to determine linewidths quite ac­
curately by either da ta  analysis technique if the oscillator strenghth is known. The 
equivalent width over the 1.4 A experimental scan range varies by ±5.6, -7.0%  as 
r  is changed by ±25%. The need for accurate modelling is again apparent in Fig. 
5-4 where the P[31) line of the (5-0) band is seen as an inflection on the long 
wavelength wing of the scan profile. This weak feature is seen to be accurately 
reproduced by the model.
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(4—0)R(15) (4 -0 )P (1 3)
(5—0)P(31)
1 9 2 9 . 81 9 2 9 . 4
WAVELENGTH (A)
1 9 2 9 . 0
F igure 5-4: An experimental scan across the R(\5) P{\3) lines of the (-4-0)
band together with model predictions for several predissociation 
linewidths. The pressure was 466 torr, the temperature was 
295 K and an oscillator strength of 2.64 x 10‘‘ was assumed 
for the model calculation.
5.5 R esu lts
5.5.1 Oscillator Strengths
The oscillator strengths determined in this work are tabulated in Appendix
C .l .  Some 409 independent oscillator strength measurements are presented for rota­
tional lines from the P  and R  branches of the (1-0) to (22-0) and (3-1) to (17-1)
SR bands. The same values are plotted in Figs. 5-5 to 5-41.
In cases where the PR doublets were unresolved, the calculated oscillator
strength was referred to the R component. The oscillator strength for the P  com­
ponent was then calculated by using the predicted P / R  strength ratios of Allison
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•  P branch 1
x R branch
* R branch from unresolved PR
—  Allison (P)
—  Allison (R)
N" (N" +1)
F ig u r e  5 -5 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(1-0) Schum ann-R unge band o f 160 ^  toge ther w ith  the th e o re ti­
cal p red ic tions  o f A llis o n  (1975).
• P branch 
x R branch
A R branch from unresolved PR -
—  Allison (P)
—  Allison (R)
(2 -0 )  band
n ” (N" +1)
F ig u r e  5 -6 : M easured o s c illa to r  s treng ths  fo r ro ta tio n a l lines from  the
(2-0) Schum ann-R unge band o f 160 0 toge ther w ith  the th e o re ti­
cal p red ic tions  o f A llis o n  (1975).
f 
(3
,N
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11 .0
• P branch 
x R branch
* R branch from unresolved PR _
—  Allison (P)
—  Allison (R)
(3 -0 )  band
1000
N" (Nm +1)
Figure 5-7: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(3-0) Schum ann-R unge band o f 160 o toge ther w ith  the th e o re ti­
cal p red ic tions  o f A lliso n  (1975).
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(4 -0 ) band
N" (N“ +1)
Figure 5-8: M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines from  the
(4-0) Schum ann-R unge band o f 160 9 toge the r w ith  the  th e o re ti­
cal p red ic tions  o f A llis o n  (1975).
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A R branch from unresolved PR -
—  Allison (P)
—  Allison (R)
N" (N" +1)
F igure 5-9: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(5-0) Schum ann-R unge band o f ieO,, toge ther w ith  the th e o re ti­
cal p re d ic tio ns  o f A lliso n  (1975).
* R branch from unresolved PR -
—  Allison (P)
—  Allison (R)
(6 -0) band
1000
N" (N" +1)
F igure 5-10: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(6-0) Schum ann-R unge band o f 160 0 toge the r w ith  the th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
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• P branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(7 -0 )  band
1000 1200
N" (N" +1)
F ig u re  5 -1 1 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(7-0) Schum ann-R unge band o f 160 0 toge ther w ith  the th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
(8 -0 )  band
• P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
1000 1200 1400
N" (N" +1)
F ig u r e  5 -12: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(8-0) Schum ann-R unge band o f 160 0 toge the r w ith  the th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
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1 2 . 0
(9 -0 ) band
11.0
10.0
•  P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
1000
N" (N" +1)
F ig u re  5 -1 3 : M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines fro m  the
(9-0) Schum ann-R unge band o f 160 o toge ther w ith  the th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
(10-0) band
•  P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
1000 1200
N" (Nm +1)
F ig u re  5-14: M easured o s c illa to r  s treng ths  fo r ro ta tio n a l lines from  the
(10-0) Schum ann-R unge band o f 160 „  to g e th e r w ith  the 
th eo re tica l p re d ic tio ns  o f A llis o n  (1975).
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(11-0) band
• P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
1000
N" (Nm +1)
F ig u re  5 -1 5 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(11-0) Schum ann-R unge band o f 160 0 toge ther w ith  the 
th eo re tica l p re d ic tio ns  o f A lliso n  (1975).
•  P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(12-0) band
n " (n " +1)
F ig u re  5 -1 6 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(12-0) Schum ann-R unge band o f ieO,, toge the r w ith  the 
th eo re tica l p re d ic tio ns  o f A llis o n  (1975).
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•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
N" (N" +1)
F ig u re  5 -1 7 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(13-0) Schum ann-R unge band o f 160 9 toge the r w ith  the 
th eo re tica l p red ic tions  o f A llis o n  (1975).
(14-0) band
• P branch 
x R branch
—  Allison (P)
—  Allison (R)
0 200 400 600 800 1000
N" (N" +1)
F ig u re  5 -1 8 : M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines from  the
(14-0) Schum ann-R unge band o f 160 o toge the r w ith  the 
th eo re tica l p red ic tions  o f A llis o n  (1975).
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(15-0) band
•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
1000 1200
N" (N" +1)
F igure 5-19: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(15-0) Schum ann-R unge band o f ]60 2 toge the r w ith  the 
th e o re tica l p red ic tions  o f A lliso n  (1975).
•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
(16-0) band
n " (N" +1)
F igure 5-20: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(16-0) Schum ann-R unge band o f 160 0 toge the r w ith  the 
th e o re tica l p red ic tions  o f A lliso n  (1975).
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•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
(17-0) band
n " (n " +1)
F ig u re  5 -2 1 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(17-0) Schum ann-R unge band o f 160 o to ge th e r w ith  the 
th eo re tica l p re d ic tio ns  o f A llis o n  (1975).
• P branch 
x R branch
—  Allison (P)
—  Allison (R)
(18-0) band
n " (N" +1)
F ig u re  5 -2 2 : Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(18-0) Schum ann-R unge band o f 160 2 toge the r w ith  the 
th eo re tica l p re d ic tio ns  o f A llis o n  (1975).
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•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
(19-0) band
n " (N" +1)
F igure 5-23: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(19-0) Schuinann-R unge band o f 160 2 to ge th e r w ith  the 
theo re tica l p red ic tions  o f A llis o n  (1975).
•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
(2 0 -0 )  band
N“ (n " +1)
F igu re 5-24: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(20-0) Schum ann-R unge band o f 160 0 to ge th e r w ith  the 
theo re tica l p re d ic tio ns  o f A llis o n  (1975).
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• P branch 
x R branch
—  Allison (P)
—  Allison (R)
(21-0) band
n" (n " +1)
5 -2 5 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(21-0) Schum ann-R unge band o f 160 2 toge the r w ith  the 
th eo re tica l p red ic tions  o f A lliso n  (1975).
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N" (Nm +1)
F ig u re  5 -2 6 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(22-0) Schum ann-R unge band o f 160 o.
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(2 2 -0 )  band
• P branch 
x R branch
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• P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
x  2 .0
N" (N" +1)
Figure 5-27: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(3-1) Schum ann-R unge band o f 160 o toge ther w ith  the  th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(4-1) band
N" (N“ +1)
Figure 5-28: M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines from  the
(4-1) Schum ann-R unge band o f 160 o toge ther w ith  the  th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
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* R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(5-1) band
x  1 -3
n " (n " +1)
F igu re 5-29: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(5-1) Schum ann-R unge band o f 160 o toge ther w ith  the  th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
(6-1) band
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
N" (N" +1)
F igu re 5-30: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(6-1) Schum ann-R unge band o f 160 0 toge ther w ith  the  th e o re ti­
cal p red ic tions  o f A llis o n  (1975).
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A R branch from unresolved PR -
—  Allison (P)
—  Allison (R)
(7-1) band
n " (N" +1)
F ig u r e  5 -3 1 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(7-1) Schum ann-R unge band o f 160 0 toge ther w ith  the  th e o re ti­
cal p red ic tions  o f A llis o n  (1975).
(8-1) band
•  P branch 
x R branch
a R branch from unresolved PR
—  Allison (P)
—  Allison (R)
N" (Nm +1)
F ig u r e  5 -3 2 : M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines from  the
(8-1) Schum ann-R unge band o f 160 2 toge ther w ith  the  th e o re ti­
cal p re d ic tio ns  o f A llis o n  (1975).
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•  P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(9-1) band
X 1-4
N" (N” +1)
F ig u re  5-33: Measured osc il la to r  s trengths  for ro ta t io n a l  lines from  the
(9-1) Schurnann-Runge band o f 160 o together w i th  the th eo re t i ­
cal p red ic t ions  o f  A l l ison  (1975).
(10-1) band
• P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
N" (N" +1)
F ig u r e  5-34: Measured osc i l la to r  s trengths for ro ta t io n a l  lines from  the
(10-1) Schum ann-Runge band o f  160 0 toge ther w i th  the 
theore t ica l p red ic t ions  o f  A l l ison  (1975).
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• P branch 
x R branch
A R branch from unresolved PR
—  Allison (P)
—  Allison (R)
(11-1) band
n ” <n ” +1)
F igu re 5-35: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(11-1) Schum ann-R unge band o f 160 0 toge the r w ith  the 
th e o re tica l p re d ic tio ns  o f A lliso n  (1975).
(12-1) band
•  P branch 
x R branch
—  Allison (P)
—  Allison (R)
N" (N" +1)
F igure 5-36: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(12-1) Schum ann-R unge band o f 160 0 toge the r w ith  the 
th eo re tica l p re d ic tio ns  o f A lliso n  (1975).
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• P branch 
x R branch
—  Allison (P)
—  Allison (R)
(13-1) band
n” (n" +1)
5-37: Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(13-1) Schum ann-R unge band o f 160 0 to ge th e r w ith  the 
theo re tica l p re d ic tio ns  o f A lliso n  (1975).
• P branch 
x R branch
—  Allison (P)
—  Allison (R)
(14-1) band
F ig u re  5-38: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(14-1) Schum ann-R unge band o f 160 o to ge th e r w ith  the 
th eo re tica l p re d ic tio ns  o f A llis o n  (1975).
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(15-1) band
•  P branch
—  Allison (P)
—  Allison (R)
N" (N" +1)
F igure 5-39: Measured o sc illa to r s treng ths  fo r ro ta tio n a l lines from  the
(15-1) Schum ann-R unge band o f 160 o toge the r w ith  the 
th eo re tica l p red ic tions  o f A lliso n  (1975).
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x R branch
—  Allison (P)
—  Allison (R)
(16-1) band
n" (n ” +1)
F igure 5-40: M easured o sc illa to r s treng ths  fo r ro ta tio n a l lines from  the
(16-1) Schum ann-R unge band o f 160 9 toge the r w ith  the 
th eo re tica l p red ic tions  o f A lliso n  (1975).
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(17-1) band
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—  Allison (P)
—  Allison (R)
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F ig u re  5-41: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(17-1) Schum ann-R unge band o f ieO^ to ge th e r w ith  the 
th e o re tica l p re d ic tio ns  o f A llison  (1975).
(1975). A lliso n  also p red icted  th a t the o s c illa to r s treng th  w ou ld  va ry  w ith  the fine 
s tru c tu re  com ponen t, b u t th is  effect was too  sm all to  ve rify  in the present w ork  and 
a ll results have been averaged over the in d iv id u a l fine s tru c tu re  com ponen ts  where 
they have been separa te ly  measured.
The errors g iven in  A p pe n d ix  C . l  and shown in Figs. 5-5 to  5-41 were due 
m a in ly  to  co un ting  s ta tis tic s  w ith  a d d it io n a l c o n tr ib u tio n s  from  u n ce rta in tie s  in pres­
sure, tem pera tu re  and cell leng th  estim a ted  to  be ~  3%. The o s c illa to r s treng ths  o f 
lines near the bandheads o f the stronge r bands are genera lly accurate  to  ~  5% and 
are essentia lly independen t o f the da ta  ana lysis model param eters. F o r very weak 
lines ((1-0) and (3-1) bands, h igher ro ta tio n a l lines, (16 -1 ), (17 -1 ), (21-0) and (22-0) 
bands) the e rro r in the o s c illa to r s tren g th  increases. In  such cases the  assumed 
va lue for the u n d e rly in g  co n tin u u m  cross section becomes im p o rta n t. W hen the un­
d e rly in g  c o n tin u u m  was observed to  be o f com parab le  s treng th  to  the  line  being 
s tud ied , i t  was a llow ed  to  become a free param eter in  the da ta  ana lys is  model so 
th a t  excellent f its  to  the observed scans could  be ob ta ined . T h is  m ethod  was found 
to  produce m ore accura te  o s c illa to r s treng ths  than  fo rc ing  the m odel co n tin u u m
I l l
since variations of the model continuum, within the appropriate uncertainty,  could 
produce exaggerated changes in the deduced oscillator strengths. The extensive 
rotational perturbat ions in the spectrum above the (15-0) band and the resultant 
line classification uncertainties and genuine intensity perturbations make full charac­
terisation of the model difficult in this region, leading to an additional uncertainty 
for v'  > 16 which is difficult to quantify.
Figures 5-5 to 5-26 clearly show the predicted decrease in oscillator strength 
with rotation and where the P  and R  branches are resolved, the P  branch oscillator 
strengths exceed those of the R  branch as predicted by Allison (1975) and first 
reported by Lewis et al. (1978). The theoretical predictions of Allison have been 
included for comparison and the overall agreement is seen to be good.
The linear dependence of oscillator strength on N " ( N ”-f l )  predicted by Allison 
(1975) and evident in these results enables the rotational band oscillator s trengths 
to be expressed approximately by
/(*>',iV") = f Q(v') -  + 1), (5.5)
where /  (v') is the rotationless band oscillator strength and ß(v') is a parameter  in­
dicating the degree of decrease of oscillator strength with rotation (i.e. f 0{v ') and 
ß[v') are the intercept and slope respectively of the straight lines fitted in Figs. 5-5 
to 5-41). Values of / 0 and 3 were obtained by weighted least squares fitting of 
Eq. (5.5) to the oscillator strength measurements for the (1-0) to (17-0) bands
which could be followed to fairly high values of rotation. For the (18-0) to (21-0) 
bands the ß values implied from the calculations of Allison (1975) were used and 
the corresponding f Q values determined from the measurements. The / Q(22) value 
was obtained simply by averaging the two low rotation measurements of this work. 
The values thus obtained for /  and ß are tabulated in Appendix C.2. Although 
the P  and R  branches were fitted separately, the tabulated values were averaged 
over the P  and R  branches due to the small magnitude of the 3 values and the 
resultant large uncertainty. The statistical error in the /  values is ~  3% for
u'  —2-16 and increases for the other bands. The measured ß values have in general 
quite a large uncertainty of ~ 30% r.m.s.
Also tabulated in Appendix C.2 for comparison are the f Q and ß values of the 
Adelaide group (Lewis et al. (1978, 1979) and Gies et al. (1981)) and the calculated 
values of Allison (1975). The /  values vary between 83-98% of the Adelaide
values, with a mean of 92% and an r.m.s scatter in the ratio of 5%. The ß values
have a weighted average of 63% of the Adelaide values but the r.m.s scat ter  in the 
ratio is ~ 40% which emphasises the difficulty of accurately obtaining this
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parameter. The measurements of ß for the (1-0) to (4-0) and (17-0) bands and the 
oscillator strength for the (22-0) band have not been previously presented. The 
values of f Q and ß also compare favourably with the calculations of Allison (1975). 
The /  values vary from 90-99% of the theoretical values with a weighted mean of
96% and an r.m.s. scatter of 3%. The ß values average 86% of the theoretical
values with an r.m.s scatter of ~ 30%.
Mean band oscillator strengths /  (v') were deduced by summing individual line 
oscillator strengths (obtained using Eq. (5.5) with the tabulated f Q and ß values)
weighted with appropriate Boltzmann factors. The /  values thus obtained are tabu­
lated in Appendix C.3 for v ' = l-16 along with the values published by other
workers. (The mean band oscillator strengths derived here are of dubious sig­
nificance, especially for bands near the dissociation limit where only a few rotational 
lines may exist in a band, but they are needed for comparison with earlier measure­
ments obtained by different techniques.) The band oscillator strengths for the v"=0 
bands are plotted in Fig. 5-43 and the well known peak at u' = 14 is apparent. The 
theoretical predictions of Allison (1975) have been included for comparison, but the 
results of other workers (tabulated in Appendix C.3) have been omitted from the 
plot for clarity. The measurements of Frederick and Hudson (1979) and the 
Adelaide group both exhibit more scatter than the present results and there is dis­
agreement with them for many of the bands. The most accvirate results for com­
parison are those of Yoshino et al. (1983) for the (1-0) to (12-0) bands and Smith 
et al. (1984) for the (13-0) to (16-0) bands. As previously mentioned the results of 
Yoshino et al. (1983) are model independent. Smith et al. (1984) used fitting 
procedures similar to Frederick and Hudson (1979) to obtain oscillator strengths for 
a few lines near the bandheads. These have been converted to mean band oscillator 
strengths in Appendix C.3 by noting their average ratio compared to the theoretical 
values of Allison (1975) and then multiplying by the mean band oscillator strengths 
of Allison. There is excellent agreement between the present results and those of 
Yoshino et al. (1983) and Smith et al. (1984) with the only disagreement being for 
the (11-0) band where they obtain a value 15% larger than the present work. The 
present values average ~ 99% of those of Yoshino et al. (1983) (excluding the (11-0) 
band) with an r.m.s. scatter in the ratio of ~ 3%. The mean band oscillator 
strengths obtained from the calculations of Allison (1975) are also listed in 
Appendix C.3. The present results average ~ 96% of the theoretical values with an 
r.m.s. scattter of ~  2% in the ratio. The ratios of the present results to the 
theoretical values are plotted in Fig. 5-44 along with the ratios of the Yoshino 
et al. (1983) measurements to the theoretical values. The agreement between both
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sets of results and the theory is clearly very good except for the large u ' = l l  value 
of Yoshino et al.
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Figure  5-44: The present mean band oscillator strengths and those of
Yoshino et al. (1983) each divided by the theoretical mean 
band oscillator strengths of Allison (1975), / A(v').
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Band oscillator strengths for the (3-1) to (17-1) bands are tabulated in 
Appendix C.3 along with the /  values obtained by assuming the ß values of Allison 
(1975). The band oscillator strengths for the v " - \  bands are plotted in Fig. 5-43 
along with the theoretical predictions of Allison (1975). The other results listed in 
Appendix C.3 have been omitted for clarity. The agreement with the /  values of 
Allison is again very good with the results averaging ~ 99% of the theoretical 
values with ~  5% scatter in the ratio. There have been very few previous measure­
ments of oscillator strengths for the hot bands and the present results represent the 
most accurate and extensive available. The mean band oscillator strengths agree 
within experimental error with those of Hudson and Carter (1968) and Hasson et al. 
(1970) within the combined experimental errors, except for the (9-1) band.
The v” — 1 oscillator strength results plotted in Figs. 5-27 to 5-41, while not as 
comprehensive or as precise as those for t>" = 0, nevertheless clearly demonstrate the 
decrease in oscillator strength with increasing rotation (particularly the u '= 6 ,  8, 10, 
12 bands). This has not been previously reported for the hot bands.
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5.5.2 Predissociation Linewidths
The measured linewidths are tabulated in Appendix C.5 as functions of v '  and 
J ' .  In cases where the F\N")  and R{N"-\-2) branches were unresolved, the width 
has been listed under the mean J  value AT'+l. For v '> 13  many measurements 
were taken on resolved triplet fine structure components. These widths are listed 
under appropriate odd and non integral mean J  values.
The errors listed in Appendix C.5 are statistical only. An additional error of 
~  3% results from uncertainties in pressure, cell length and temperature. The errors 
due to inaccuracies in model parameters have not been considered explicitly. The 
bandhead widths of the (3-0) to (17-0) bands are particularly reliable and are effec­
tively independent of the model parameters except for the fine structure splitting. 
The (TO) and (2-0) widths are sensitive to the pressure broadening coefficient, the 
underlying continuum and the pressure coefficient of the underlying continuum. For 
v ’ > 18, w'eak line classification problems produce additional errors.
The measured linewddths were smoothed by fitting them with the function
y= a+ 6x2+cx4 using a weighted least squares procedure. Linear and cubic terms
were not included in the fitted polynomial as these were found to produce unrealis­
tic fits which tended to follow any scatter in the measurements. The fitted func­
tion was used to extrapolate the widths to J —0. These results are tabulated in
Appendix C.6 and plotted in Figs. 5-45 and 5-46, together with previously published 
widths. Predissociation maxima at v' = 4, 7, 11, 16 are evident in Fig. 5-46 in
agreement with previous measurements. There is general agreement between the 
present results and the other measurements plotted in Fig. 5-45. The points of dis­
crepancy can in some cases be ascribed to large experimental scatter in other works 
which correlate inversely with anomalous oscillator strengths for particular bands. 
This appears to be the case for the (13-0) bandhead width measurement of Smith 
et al. (1984) which appears slightly large and corresponds to an oscillator strength 
which is ~  \2% lower than expected from the trend of the v '=0-12 oscillator 
strengths of Yoshino et al. (1983). The Fitting procedure employed by Smith et al. 
(1984) w'as similar to that of Frederick and Hudson (1979) whose width measure­
ments also agree reasonably well with the present values except for t>'=2, 3, 4, 10, 
12. Their oscillator strengths for these bands (except t;' =  4) are in error in an in­
verse fashion to the width discrepancies, which suggests tha t  there was a problem 
with their da ta  analysis for these bands.
The linewidths of Gies et al. (1981) were averaged over all rotational lines 
measured in a given band and are therefore not necessarily directly comparable to 
the bandhead measurements given here. There is, nevertheless, reasonably good
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agreement except for v ' = 10, 12, 13, 17 for which the deviations are, in fact, of the 
same sign as our observed rotational dependence for these bands.
The empirical predissociation linewidth model discussed in Section 5.3.2 re­
quires the determination of three parameters A x, M x, r^ for each of the four states 
involved in the predissociation, making a total of twelve. The unique behaviour of 
the 19 vibrational widths measured here enabled all 12 parameters to be determined 
to quite a high degree of accuracy using a least squares fit to the observed 
linewidths. This was a considerable improvement on the method of Julienne and 
Krauss (1975) who did not have the benefit of such extensive measurements and 
determined only approximately the parameters for the 577u state by a deperturbation 
of the observed band origins of Ackerman and Biaume (1970).
Figure 5-47: Calculated best fit partial FWHM predissociation widths for
the (1-0) to (18-0) Schumann-Runge bands of 160 0.
The quartic functions previously fitted to the da ta  were used to determine ap­
propriate averaged experimental width values for N=  10 (v ' =  l-15) and .Y-6
(u ' =  16-18), which were then used in the fitting procedure. The less accurate (19-0) 
band widths were not included since this considerably improved the value of \ 2 for 
the fit. The calculated partial widths for the four predissociating states are show'n
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in Fig. 5-47. The partial widths are also listed in Appendix C.7 together with the 
calculated and measured total widths for the (1-0) to (18-0) bands. The model 
widths were averaged over all triplet components for a fixed N  to give the most
valid comparison with the experimental measurements. The calculated model 
linewidths were in excellent agreement with the measured values with an r.m.s. 
deviation of only 4.4%. The maximum deviation for u ' =  2-16 was only ±4.5% while 
the results for v ' =  l, 17, 18 were less well fitted due to the poorer accuracy
previously mentioned for these bands.
The best fitted model parameters are given in Table 5-2 together with the 
values used by Julienne (1976). The quoted errors are 3a values determined from 
the fitting procedure. The errors in the 577u parameters of Julienne were estimated 
by Julienne and Krauss (1975) to be 10% in A x and M x and 0.002 A in r x. The 
23i7u+ errors given are as estimated by Julienne (1976). No errors are given for the 
3/7u and l I lu parameters of Julienne and these values should be regarded as uncer­
tain, having been estimated mainly from ab ini t io  calculations with extra restraints
being applied through qualitative observations of linewidth and lineshift trends.
T ab le 5-2: The best fit model parameters of this work compared with
those of Julienne (1976).
State A T (cm*1) Al x (cm^A*1) rz ( A)
577
12
70.9 ± 1.5 39700 ± 1000 1.880 ± 0.001
23r ~
u
38.8 ± 4.2 42300 ± 8000 1.996 ± 0.001
This work 377
t l
25.8 ± 2.8 62700 ±  5000 1.441 ± 0.006
l TJ
X I
32.2 ± 3.0 22400 ± 1300 1.731 ± 0.003
577
t i
65 ± 7 40000 ± 4000 1.875 ± 0.002
23r ~
u
5 5 - 6 45000 ± 2500 2.000 ± 0.010
Julienne 377
U
30 80000 1.425
xn
u
25 ± 3 23000 1.733
Figure 5-47 show's clearly that the :>77u interaction makes the largest contribu­
tion to the total predissociation and thus the 577u parameters are the most ac­
curately determined by the fit. The values of A x and M x for this s ta te  agree, 
within the error estimates, with those of Julienne. Agreement for the rx values
could be readily obtained by applying a more liberal error estimate to Julienne’s 
crossing point.
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The parameters for the 177 state  are the next best determined by the fit. 
Although one would think that these rely heavily on the experimental width for the 
(1-0) band, similar parameters resulted even when the (1-0) band result was ex­
cluded from the fit. The values for M  and r x agree very well with those of 
Julienne but the A x value is slightly larger than Julienne’s as exemplified by the ob­
served width for the (1-0) band.
The 3/7u parameters are reasonably well determined but the agreement with 
Julienne’s values is poor, with significantly different values being obtained for AIx 
and r , although A  is fairly close to Julienne’s rough estimate. The disagreement 
follows largely from the low measured widths for the (13-0) and (14-0) bands at 
V=10 of ~0 .13  cm '1. Julienne’s parameters would imply widths of ~  0.2 cm '1 for 
these bands.
The 23i7 + parameters are the least well determined with the ~  20% error in 
M x being the largest for any of the 12 parameters. The values of A x and r agree 
well with Julienne's but the matrix element is significantly lower than his ab ini t io  
estimate.
Overall there is quite good agreement for the 12 parameters but the present 
experimentally based values are significantly more accurate than the estimates of 
Julienne (1976). The 10% uncertainty estimate in the ab ini t io  matrix element cal­
culations of Julienne would appear to be optimistic.
The measured predissociation linewidths are presented in Figs. 5-48 to 5-66 as 
functions of rotation for the (1-0) to (19-0) bands. The model calculations made 
using the best fit values of Table 5-2 are also shown in Figs 5-48 to 5-66, along 
with the few rotational linewddths obtained by Frederick and Hudson (1979) for the 
(8-0) to (13-0) bands.
There is excellent agreement between the measured and calculated rotational 
dependences of linewidth for the (1-0) to (16-0) bands. The biggest discrepancies 
occur for the (17-0) to (19-0) bands, which is not surprising considering the dif­
ficulties encountered in this spectral region as previously described. The higher 
rotational linewidths of Frederick and Hudson (1979) are in reasonable agreement 
with the present results for v '= 8 ,  9, 12, 13. The sudden increase in linewidth at 
J= 17  observed by Frederick and Hudson in the (11-0) band has not been observed, 
consistent with the measurements of Lewis et al. (1980). The (10-0) band 
linewidths of Frederick and Hudson show an increase with rotation, in marked con­
tras t to the decreases observed in the present results. This disagreement is consis­
tent with the differences in the bandhead width and oscillator strength for this 
band.
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F ig u r e  5 -4 9 : The  v a r ia t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the  (2-0) Schum ann-R unge band o f 160 2<
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F ig u r e  5 -5 0 : The v a ria tio n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (3-0) Schum ann-R unge band o f 160 2.
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F ig u r e  5 -5 1 : The  v a ria tio n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (4-0) Schum ann-R unge band o f 160 2.
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F ig u re  5-52: The v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (5-0) Schum ann-R unge band o f 160 o.
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F ig u re  5-53: The v a ria tio n  o f F W H M  pred issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (6-0) Schum ann-R unge band o f 160 2.
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F ig u re  5-54: The variation of FWHM predissociation linewidth with ro ta­
tion for the (7-0) Schumann-Runge band of 160 o.
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F ig u re  5-55: The variation of FWHM predissociation linewidth with rota­
tion for the (8-0) Schumann-Runge band of 160 2.
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F ig u r e  5-56: The variation of FWHM predissociation linewidth with rota­
tion for the (9-0) Schumann-Runge band of 160 o.
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F igu re  5-57: The variation of FWHM predissociation linewidth with rota­
tion for the (10-0) Schumann-Runge band of 1(iO r
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F ig u re  5 -58 : The va ria tion  o f F W H M  predissociation linew id th  w ith  ro ta ­
tion  for the (11-0) Schumann-Runge band o f 160 o.
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F ig u re  5 -59 : The va ria tion  o f F W H M  predissociation linew id th  w ith  ro ta ­
tion  for the (12-0) Schumann-Runge band o f 160 2.
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F ig u re  5-60: The va ria tion  of FVVHM predissociation linew id th  w ith  ro ta ­
tion  for the (13-0) Schumann-Runge band of 160 2.
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F ig u re  5 -61 : The varia tion  of F W H M  predissociation linew id th  w ith  ro ta ­
tion  for the (14-0) Schumann-Runge band of 160 2.
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F igu re 5-62: T he  v a ria tio n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (15-0) Schum ann-R unge band o f 160 o.
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F igu re 5-63: T he  v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (16-0) Schum ann-R unge band o f 160 o.
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F igure 5 -6 4 : The v a ria tio n  o f F W H M  pred issocia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (17-0) Schum ann-R unge band o f 160 0.
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F igure 5 -6 5 : The v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (18-0) Schum ann-R unge band o f 160 2<
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F ig u r e  5 -6 6 : The v a ria tio n  o f FVVHM  pred issocia tion  lin e w id th  w ith  ro ta ­
tio n  for the (19-0) Schum ann-R unge band o f 160 2.
The model ca lcu la tio ns  were e ffec tive ly  only norm alised  to  the  m easurem ents 
for a fixed va lue o f ro ta tio n  and there fore  the agreement between the  measured and 
ca lcu la ted  ro ta tio n a l dependences over such a range o f v ib ra t io n  is an independent 
phenom enon w h ich  provides s trong  evidence th a t the pred issoc ia tion  m odel is correct 
in d e ta il. The use o f the m ixed case (a )-(b ) rep resen ta tion  o f the  B  sta te  
produces o n ly  sm all changes o f lin e w id th  fo r low values o f ro ta tio n  in  bands where 
the 5/7u s ta te  is n o t d o m in a n t. T hus, i t  seems th a t ce n tr ifug a l d is to r t io n  is the 
m a jo r c o n tr ib u to r  to  the observed ro ta tio n a l dependences, co n tra ry  to  the  fears o f 
Ju lienne  regard ing  the  co m p le x ity  o f the s itu a tio n . R efinem ents to  the  m odel m ay, 
however, im p rove  the  f its  fo r the v'  >  16 bands.
The best f i t  m odel lin e w id th s  shown in  Figs. 5-48 to  5-66 have been com bined 
to  fo rm  a three d im ens iona l p lo t in F ig . 5-67 w hich  nea tly  sum m arises the  results 
and also emphasises the co m p le x ity  o f the  com bined t> and J  dependences. It 
shou ld  be noted th a t a lthough  the  ro ta tio n a l axes in  F igs. 5-48 to  5-67 are labelled 
w ith  J , th is  is in fa c t a mean J  equal to  N  because o f the averag ing  over the fine 
s tru c tu re  com ponents in  the m odel ca lcu la tions . Separate ca lcu la tio n s  fo r each 
t r ip le t  com ponen t have not been shown since they w ou ld  be re levan t fo r com parison
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Figure 5-67: A three dimensional plot of the best fit model predissociation
linewidths r(v,J).  The widths have been averaged over the 
fine structure components for a given A.
with only a few experimentally resolved triplet widths. Nevertheless, the mixing of 
widths for unresolved and different resolved triplet components for v'  > 15 may 
result in a small increase in the apparent  scatter of the measurements since the 
predissociation model shows that  the individual fine structure widths for a fixed N  
can vary significantly. The largest predicted effect in this region is ~  25% near the 
bandhead of the (16-0) band.
5.6 D iscussion
5.6.1 Oscillator Strengths
There have been several theoretical investigations of the continuity of oscillator 
strength, Franck-Condon density and transition moment  through the B  3X’J dissocia­
tion limit. Marr  (1964), using Morse potentials, found continuity of the transition 
moment through the dissociation limit with a slope discontinuity, but  noted that  
Morse potentials were not a good representation for the B  state. Jarmain and 
Nicholls (1964) used realistic Klein-Dunham potentials to calculate Franck-Condon 
densities in the SR continuum and combined them with measured values of the ab-
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sorption coefficient to study the variation of the electronic transition moment in the 
continuum. The measured oscillator strengths of Bethke (1959) were used together 
with realistic Franck-Condon factors to determine the behaviour of the transition 
moment for the v"=0 bands for comparison with the continuum behaviour. They 
found approximate transition moment continuity across the dissociation limit but 
also obtained an unexpected secondary maximum in the band region due to the 
poor experimental data available. Allison et al. (1971) compared theoretically 
f Q[v ' ) [dv' /du)  in the bands and d f / d u  in the continuum and found continuity. 
Their continuum oscillator strength density d f / d u  was taken as 1.13 x 1012a (where 
a is the continuum cross section in cm2).
The extent and accuracy of the present oscillator strength measurements made 
it possible to examine experimentally the continuity across the dissociation limit of 
the oscillator strength density defined by Allison et al. (1971). Band origins 
(Appendix A .l for v' =  l-15, Creek and Nicholls (1975) for u' =  16-21 and Chapter 4 
for v'  =  22) were taken as the appropriate wavenumbers u (cm'1) for the rotationless 
oscillator strengths f Q. The density of states d v ’/du  was taken as 1 / A G '  where the 
differences AG'  were obtained from the measured band origins. The oscillator
strength density d f / d u  was thus approximated by f J A G '  for the bands.
O
Measurements of the SR continuum cross section near 1750 A were taken at 
~  80 K in order to best approximate the rotationless continuum. The oscillator 
strength density in the continuum was then calculated as 1.13 x 1012cr, following 
Allison et al. (1971) (see Eq. (2.47) for determination of the constant). The hot 
bands were treated similarly except that theoretical values of the v" =  \ continuum 
cross section were taken from the work of Gibson (1983) since it is impossible to 
measure this continuum experimentally.
The oscillator strength densities are plotted as a function of wavenumber in 
Fig. 5-68. Continuity is observed across the B 3T’u dissociation limit for transitions 
from both the v" =  0 and v" — l levels of the ground state. For the u"=0 bands only 
the v' = 2\ ,  22 densities vary significantly from a smooth behaviour, which is quite 
understandable considering the lower accuracy of the f Q values for these bands and 
also the uncertainties in the small AG'  values. The values of f Q and AG'  are
given in Appendix C.4 for both the v ’ =  0 and v" — 1 levels, together with the 
smoothed values also plotted in Fig. 5-68. The smoothed values were obtained by 
fitting equations of the form
d /  * .
— = e x p ( ^ a V )  
i=o
( 5 6 )
df
/d
v 
(c
m)
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F igu re 5-68: Oscillator strength densities obtained from the current
measurements for Schumann-Runge transitions from the v"=0  
and v" = l  states.
56000 56400 56800 57200 57600 58000
v (cm1)
F igu re 5-69: Oscillator strength densities obtained from the current band
and continuum measurements near the t / '=0  dissociation limit. 
Continuity is observed across this limit.
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to the oscillator strength densities for t/' = 0. 1 excluding v'  = 21, 22. The coefficients
a. are given in Appendix C.4. The region near the B 2,£'u dissociation limit for
u"=0 transitions is shown in more detail in Fig. 5-69 where the continuity is 
remarkably demonstrated considering that all points are based purely on experimen­
tal data.
The observed continuity of oscillator strength density allows the confident in­
terpolation of oscillator strength in regions of poor experimental accuracy such as 
the (21-0) and (22-0) bands. Smoothed rotationless oscillator strengths / Q(t/)  were 
obtained from the smoothed d f / d u  values and are also tabulated in Appendix C.4.
An accurate knowledge of oscillator strengths enables the determination of the 
dipole moment  from Eq. (2.31), provided that  the potential curves are also ac­
curately known. Dipole moments have been calculated from the current oscillator 
strengths using the X  3L~ potential of Gibson (1983) and a B  state derived
using RKR techniques from the spectroscopic constants in Appendix A.l .  A Morse 
extension from the inner v'  = 14 turning point was optimised to be consistent with 
the SR continuum temperature coefficients of Gibson et al. (1983). Wavefunctions 
for t / '=0,  v '  =  l-22 and v " = l ,  u'  =  3-17 were calculated by numerical integration of 
the Schrödinger equation and the dipole moment  D(r ) was expressed as a power 
series in the internuclear separation r. The coefficients of this power series were 
determined by a weighted least squares procedure which compared the calculated 
with the smoothed measured rotationless oscillator strengths for u"=0, 1. Such a
procedure avoids the assumption of the r-centroid approximation. The dipole mo-
°  °ment obtained in this way was. for 1.306 A < r <  1.370 A
D(r) =  1.56734 *  0.058397r -  0.48285r2, (5.7)
O
where D(r) is in atomic units and r is in A. (This form for the dipole moment  is 
consistent with the recommendations of Whiting et al. (1980) and is therefore a fac­
tor of smaller than some forms adopted in the literature.) The inclusion of a 
cubic term did not improve the fit which gave an r.m.s deviation from the ex­
perimental results of 3.2%.
The dipole moment is compared in Fig. 5-70 with the empirical exponential 
best fit obtained by Kuz’menko et al. (1980) and with shifted ab init io  calculations 
and an empirically adjusted dipole moment curve obtained recently by Allison et al. 
(1985). The present results agree well with the empirical curve of Allison et al. but 
are lower than and have a greater slope than the fit of Kuz;menko et al. (1980). 
With experimental data of the present quality, uncertainties in Franck-Condon fac­
tors arising from potential curves calculated from different sets of spectroscopic con-
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This work
Kuz’menko et al. (1980)
Allison et al. (1985) (shifted ab initio)
Allison et al. (1985) (empirically
adjusted)
r (A)
F ig u r e  5 -7 0 : The  v a ria tio n  o f d ipo le  m om en t ob ta ined  here com pared w ith
the ab in itio  and em p irica l d e te rm in a tio n s  o f A llis o n  et al. 
(1985) and the best exponen tia l f i t  from  the  review  o f 
K u z 'm e nko  et al. (1980).
s ta n ts  can produce d ipo le  m om en t unce rta in ties  o f ~  5% w h ich  can exceed the ex­
p e rim e n ta l sca tte r. K u z ’m enko et al. used the F ranck-C ondon  fac to rs  o f H arris  
et al. (1969) w h ich  d iffe r from  the  values used here by enough to  e xp la in  most o f 
the  d ifference between the  d ipo le  m om ent o f th is  w o rk  and the f i t  o f K uz 'm enko  
et al. (1980).
5.6.2 P red issoc ia tion  L in e w id th s
The p red issoc ia tion  lin e w id th  m easurem ents presented here are m ore extensive 
and m ore accurate  th an  any p rev ious ly  published resu lts . The sys tem a tic  va ria tio n  
o f lin e w id th  w ith  ro ta tio n  has been unam biguous ly  dem onstra ted  fo r the  First tim e. 
T he  observed v a ria t io n  o f lin e w id th  w ith  both  ro ta tio n  and v ib ra t io n  is in  excellent 
agreem ent w ith  the  p re d ic tio ns  o f a theo re tica l p red issoc ia tion  m odel based on the 
w ork  o f Ju lienne (1976). The  im p rove m e n t o f Ju lienne 's  m odel has been fa c ilita te d  
by the  e x ten t and q u a lity  o f the present lin e w id th  m easurem ents. T he  predissocia­
tio n  o f the B  s ta te  can now be co n fid e n tly  a t tr ib u te d  to  the in te ra c tio n  o f th a t 
s ta te  w ith  the fo u r repu ls ive  states 577u, 23i7J, 377u and *77^, w h ile  the  ro ta tio n a l
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dependence of the linewidth can be mainly ascribed to centrifugal distortion of the 
molecule. The repulsive state parameters obtained from a model fit to the observed 
vibrational widths are the most accurate currently available and are in reasonable 
agreement with the assumed values of Julienne (1976).
137
CHAPTER 6
THE SCHUMANN-RUNGE BANDS OF ,80
2
6.1 I n t r o d u c t i o n
The 180 2 molecule possesses all of the symmetries of the 160 2 molecule. The 
spin of the ,80  nucleus has been shown by Miller et al. (1951) to be zero, like that  
of the 160  nucleus. Therefore, in the ground state of 180 2, only positive rotational 
levels occur and in the D 3 IT s ta te there are only negative rotational levels. The 
SR band spectrum of 180 2 is thus qualitatively similar to that  of 160 2, with alter­
nate rotational lines missing. The rotationless potential curves for 180 2 are ex­
pected to be unchanged from those of 160 2 since the charges on the nuclei are the 
same in both molecules. The vibrational and rotational levels will, however, be dis­
placed in the manner described in Chapter  2. The centrifugal distortion of the 
molecules and the consequent alteration of the potential curves for non-zero rotation 
will also change, due to the difference in the masses of the nuclei.
6.2  P r e v i o u s  M e a s u r e m e n t s
There is very little experimental data  available on the SR bands of 180 2. 
Hecht et al. (1975) made a photographic study of absorption in the SR region of all 
six isotopic oxygen species (160 2, 170 2. 180 2, 160 170 ,  160 180 ,  170 180 ) .  For 180 2 
they tabulated measured line positions for 151 rotational lines in the (5-0) to (13-0) 
bands. Howard and Tilford (1970) measured wavenumbers of lines in the (12-0) to 
(20-0) bands in an unpublished study.
Halmann and Laulicht (1965a) measured integrated absorption intensities of the 
(4-0) to (11-0) bands of 160 2 and 180 o and compared their ratios to the correspond­
ing ratios of calculated Franck-Condon factors. They reported that  the measured 
SR bands of 160 2 were about 1.5 times more intense than the corresponding bands 
of 180„  and the calculated Frank-Condon factors of 10O 2 were 2 to 4 times larger 
than those of 180 2. They suggested tha t  these differences might mean a possible 
dependence on isotopic substi tut ion of the r-centroid or of the electronic transition 
moment.  Halmann (1966) again measured integrated absorption intensities, this 
t ime using a pressure broadening technique (similar to that  of Bethke (1959)) to
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overcome the slit-width dependence of the earlier measurements. The (2-0) to 
(10-0) bands of 160 0 and 180., were studied and the results were compared with cal­
culated Franck-Condon factors. For the (2-0) to (6-0) bands, the observed isotope 
effect on the integrated absorption intensities was equal to the calculated isotope ef­
fect on the Franck-Condon factors. The deviations found for the (7-0) to (10-0) 
bands were thought to result from the failure of the Morse potential a t  these higher 
v' values or from the experimental difficulties due to the overlapping of bands. In 
addition Halmann and Laulicht ( 1965b,c, 1966, 1967) published results of computed 
isotopic effects on Franck-Condon factors for various transitions which included the 
SR bands of 160 o and 180 2.
Julienne (1976), in a theoretical study of the predissociation of the B  3X’J state 
of 0 2, presented results of linewidth measurements for the (9-0) to (14-0) bands of 
180 2 determined from microdensitometer tracings of unpublished photographic work 
by Tilford. These linewidths had quite substantial relative errors and included the 
fine structure splitting, but were in satisfactory agreement with the predictions of 
Julienne’s predissociation model.
Precise spectroscopic constants for the ground state  of ]80 ,  have been deter­
mined by Steinbach and Gordy (1973) from measurements in the microwave 
spectrum. Edwards et al. (1975) determined rotational constants and bond lengths
for the ground states of 160.,, ,60 180  and 180 o from the analysis of pure rotational 
Raman spectra. Their values agreed with the published constants of Steinbach and 
Gordy (1973).
6.3 T heoretica l P red ict ion s
The potential curves representing the various electronic states of the 180 0 
molecule are expected to be identical to the 160 o potential curves since the charge 
distribution within the two molecules is the same. The vibrational and rotational 
levels, however, will be shifted in the manner described in Chapter 2. As a result 
of these level shifts, the vibrational and rotational dependences of both the oscillator 
strength and predissociation linewidth will be different in the two molecules.
6.3.1 Line Positions
The isotopically modified vibrational and rotational term series given in Eqs. 
(2.41) and (2.43) are inappropriate for generating line positions in the SR bands of 
180 0 in the same way that Eqs. (2.7) and (2.8) are unsuitable for generating fine 
positions in the SR bands of 160 0, i.e. due to perturbations and the large asym­
metry of the B  state. As mentioned in Section 2.1.4, a better method for O0
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is lo  de te rm ine  a set o f  spectroscopic constants  for each v ib ra t io n a l  level o f the 
B  3£ '  sta te. Whereas the extensive and accurate  w avenum ber tables o f Yoshino
U
et al. (1981) a llow  the d e te rm in a t io n  o f such constants  for 160 2 (see Append ix  A . l ) ,  
no such sets o f  extensive measurements are cu rre n t ly  ava i lab le  for 180 2 or 160 ,80 .  
The  unpub lished wavenum bers  o f How ard  and T i l f o rd  (1970) a llow  spectroscopic 
constants  to  be de te rm ined  for the (12-0) to  (20-0) bands o f  180 2, b u t  the 
wavenum bers  o f  Hecht et al.  (1975) are scattered and suffer system atic  sh if ts  com­
pared w i th  measurements taken in th is  lab o ra to ry .  T o  supp lem ent these measured 
line pos it ions, spectroscopic constants  for the isotop ic oxygen molecules can be com­
puted theo re t ica l ly  as dem ons tra ted  by B lake et al.  (1984). The  eigenvalues for 
v ib ra t io n  o f the n o n -ro ta t in g  molecule are dete rm ined  by so lv ing  the Schrödinger 
equation  for the 160 2 m olecu la r  p o te n t ia l .  D i f fe re n t  eigenvalues arise for the
isotopes, even though  the same p o te n t ia l  is used, due to  the difference in reduced 
mass in the 2n / t i 2 fa c to r  in the H a m il to n ia n .  These eigenvalues give the v ib ra t io n a l  
te rm  values G  . The  f i rs t  and second ro ta t io n a l  constants  are determ ined from
V
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where t}> is the ro ta t ion less  e igenfunct ion  for the v ib ra t io n a l  sta te  v, fi is the 
reduced mass o f the molecule, r  is the in te rnuc lea r  d istance and G  and G . are 
v ib ra t io n a l  energies. A l te rn a t iv e ly ,  the ro ta t io n a l  constants  can be obta ined by so lv­
ing the Schröd inger equation  for the energy E v v o f a p a r t ic u la r  state and f i t t in g  
the eigenvalues to
E » , N = E v, ,„ +  I)  -  0 „ |A ’( ‘V + l ) i 2. (6.3)
B lake et al.  (1984) com puted  the constants  G B v and D v fo r 160 2 and 160 180  
using these m ethods and compared the com puted  values o f  the 160 2 constants to  
the e xpe r im en ta l ly  derived values o f Fang et al.  (1974). The  160 180  constants  were 
then scaled by the  a m o u n t  needed to  b r ing  the com puted  and expe rim en ta l 160 2 
constants  in to  agreement. The  resu lt ing  spectroscopic constants  for 160 ,80  agreed 
reasonably w i th  the l im i te d  expe r im en ta l  de te rm ina t ion s  o f  Hecht et al.  (1975), 
w h ich  supported  the v a l id i t y  o f the m ethod.
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The dissociation limit of the 180 0 molecule lies at a higher energy than for 
160 2 due to the reduced energy of the zero vibrational level of the ground state. 
The shift in this level can be calculated from Eq. (2.41) using the known values
u>e=1580.361 cm '1, ^ ex e— 12.0730 cm '1 and u>fye=0.0546 cm '1 (Herzberg (1950)). For
180 2 the calculated decrease in the v"=0 level of the ground s ta te  is 45.63 cm '1,
which gives a dissociation limit value of 57181.6 c m '1 (using the 160 o dissociation 
limit determined in Chapter 4). The application of Eq. (2.41) to the first few 
ground state energy levels does not suffer from the same problems tha t  have been 
mentioned for the B  3I7‘ state. This is demonstrated by the fact th a t  values of G 
for v"=0, 1, 2 calculated using Eq. (2.41) for 160 0 agree with the experimentally
determined values to within 0.2 cm '1. Similarly, the calculated values for the same 
levels of the 160 lsO molecule agree with the more rigorous calculations of Blake 
et al. (1984) to within 0.1 cm '1. The increased dissociation limit and the isotopic 
shift of the vibrational levels to lower energies result in two additional bound vibra­
tional levels in the B  3IT state (i.e. i>' =  23 and v' = 24) predicted for the 180,, 
molecule.
6.3.2 Oscillator Strengths
The band oscillator strength for a discrete transition from a lower state  L 
with vibrational and rotational quantum  numbers v"N"  to an upper s ta te  U with 
quantum  numbers v 'M'  is given by (see Eq. (2.31))
jUL
oon" me 
Zhe2\ r ,
r  oo
Jo ^ (r)£>(r)<>,,(r)di ( 6 . 4 )
where \ L[] is the wavelength for the transition, ^ L[r) and v v {r) are the low'er and 
upper state  vibrational wavefunctions respectively and D(r) is the dipole transition 
moment. Thus, if the potential curves for the upper and lower states and the
dipole moment are known, the band oscillator strength can be calculated using Eq. 
(6.4). The potential curves determined for 160 ,  as described in Section 5.6.1 were 
used for 180 9 for zero rotation. The additional centrifugal term for a rotating
molecule Ar(.V-f l) / i2/87r2/ir2, given in Eq. (4.4), introduces a difference between the 
160., and 180 o potentials due to the change in the reduced mass y. The dipole mo­
ment determined in Section 5.6.1 was assumed to be unchanged for the 180,,
molecule. Theoretical oscillator strengths were thus calculated for the 180„ SR 
bands.
The shift of the vibrational levels in 180 o to lower energies results in a
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reduced wavefunction overlap in Eq. (6.4) for any given band and thus the 
predicted band oscillator strengths for 180 7 are smaller than the corresponding band 
oscillator strengths in 160 o.
6.3.3 Predissociation Linewidths
The theoretical predissociation model described in the previous chapter was 
used to calculate predissociation linewidths for the SR bands of 180 2. The values 
determined for A x, M x and rx from the 160 2 linewidth measurements were used to 
predict the vibrational and rotational variations of linewidth in 180 0. The potential 
curves were unchanged from Chapter 5 for zero rotation, but the vibrational 
wavefunctions derived from them for 180 9 were, of course, different from those of 
160 0. The centrifugal energy term added to the potentials in determining the ro ta­
tional dependence was adjusted for the increased mass of the 180 2 molecule.
6.4  E xp erim en ta l P roced u re
The 10 cm sealed quartz cells and the carousel described in Chapter 3 were
used in the 180., measurements. Cells were filled and sealed at pressures of 1.7,
19.0, 200, 809 and 1576 torr. Immediately after sealing, each cell was installed in 
the carousel and a lengthy absorption scan was made, commencing at a wavelength 
where the strongest absorption lines at that pressure were fully absorbed and ex­
tending to a wavelength where the absorption lines were too weak to measure. For 
the two lowest pressure cells the scans were started just beyond the dissociation 
limit. All scans were performed continuously (taking a day or two to complete) 
and the absorption data was stored on magnetic disc. This procedure minimised 
the effect on the absorption measurements of any possible long term physical or
chemical changes within the cells.
The isotopic distribution of the gas (>99% 180 0) meant tha t  wavelength
calibration using the well known 160 o absorption line positions was not possible in 
these scans. Wavelength calibration of the 180 0 for v '  < 12 was later facilitated by 
simultaneously scanning two cells; one filled with lsO^ and the other w'ith 160.,.
This was achieved by stepping the carousel to alternately place each cell in the
path of the beam at each wavelength step, and recording the two absorption spectra
simultaneously. The wavelengths of the 160 ,  absorption lines were obtained from 
the accurate tables of Yoshino et al. (1984) and these w'ere used to interpolate
wavelengths for 180 9 lines. The reliability of this technique was easily verified by 
checking the accuracy of 160 o line wavelengths interpolated from surrounding 160 0 
lines. This check indicated that the technique was quite reliable, undoubtedly due
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to the excellent wavelength stability of the system described in Section 2.2, while 
not being quite as accurate as spectrographic techniques.
The pressures in the sealed cells were checked by comparing the observed ab­
sorption with measurements made using the conventional absorption technique with 
the 10 cm cell as described in Section 3.3. This was done using the gas remaining 
after the sealed cells had all been filled. The lower pressure values in the sealed 
cells had to be adjusted slightly as a result of these measurements. The adjusted 
pressures for the low pressure cells were 1.88 torr (1.7) and 21.4 torr (19.0), where 
the values in parentheses represent the pressure measurements at the time of filling. 
These ~ 10% corrections indicate either some problem in the low pressure measure­
ment  arrangement  of the cell filling apparatus  or more probably a fault in the as­
sumption that  the pressure on both sides of the seal was equal after sealing. The 
higher pressures were found to be accurate within the limits of this method of 
verification. The conventional technique measurements also enabled absolute back­
grounds to be determined at a few wavelengths, thus partially overcoming the main 
disadvantage of the sealed cell technique.
The data  analysis technique was similar to that  used for 160 , .  The major dif­
ference stemmed from the inability to directly determine absolute backgrounds for 
the sealed cells. Absorption lines were not. therefore, individually scanned for equiv­
alent width determination. The equivalent width for a given absorption line was 
determined instead from the long continuous absorption scan previously described, 
using a deduced value for the background at that  particular wavelength. The back­
ground values were determined bv interpolation of the measured transmissions at  
various absorption minima after correction for wing contributions calculated from the 
model. The range of cell pressures used enabled the use of the curve of growth 
technique to determine the oscillator strength and linewidth for many of the absorp­
tion lines. When this method w;as inappropriate, the profile fitting technique was 
employed using the model described in Section 2.4, modified for 180,,.
The underlying continuum w'as not included in the 180 2 model. The ex­
perimental technique precluded the possibility of measuring the underlying continuum 
in the manner described for 160 o. While the continuum could be calculated 
theoretically, this would introduce an extra uncertainty in the analysis procedure. 
Instead, the measured absorption at selected minima between spectral lines was used 
to provide an effective background. The effective background for the particular seg­
ment of the absorption spectrum being analysed was interpolated from the nearest 
observed broad absorption minima on either side of the region of interest after cor­
rection for line wings. This background was then used as the base level for com-
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parison of the observed and modelled spectra, and therefore the line strengths deter­
mined were free of contributions from the underlying continuum.
The justification for this analysis technique is that  the underlying continuum
for 1 r,0., was observed to be a smoothly varying function of wavelength in the
°region above ~  1780 A, as seen in Fig. 2-6. The variation of the continuum over
O
the small wavelength range ( ~ l - 2  A) considered at  any one time in the analysis is
°certainly smooth and gradual, except for the 1750-1780 A region where the rota­
tional threshold steps described in Chapter  4 occur. Here the cont inuum is still 
piecewise smooth (i.e. it varies smoothly between the steps), and so the only 
problem with the technique arises when a discrete step occurs within the scan sec­
tion of interest. It is therefore possible that  a few anomalous line strength deter­
minations will result from the presence of such discrete steps. The effect of this on 
the overall results, however, should be negligible, particularly since only limited 
analysis was performed at these shorter wavelengths due to the difficulties associated 
with the complexity of the spectrum.
The lack of knowledge of the backgrounds may be thought  of as providing 
another  free parameter  in the analysis (as well as / ,  f ) .  While careful matching of 
the observed and predicted line profiles still provides good / ,  F, there will clearly be 
a larger random error in the deduced fit than is the case for the 1G0^ results.
6.5 R e s u l t s  
6.5.1 Line Positions
Spectroscopic constants for the 13 32T state of 180 2 were determined from our 
measured line positions for 2 < v ' < \ \  and from llow'ard and Tilford (1970) for 
1 2 < v ' < 2 0 ,  and have been included in Appendix A. Calculated constants were used 
to supplement the experimentally determined values for v '= 0 , l .
The spectroscopic constants for 180 0 listed in Appendix A.2 for 0 < v ' < 1 9  are 
preliminary values, and have been included only because no other experimentally 
determined constants are currently available. Bracketed values, as for 160 2, indicate 
either calculated or estimated values. Perturbations appear heavily in 180 2 for
v'  > 19.
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6.5.2 Oscillator Strengths
The measured oscillator strengths for the (2-0) to (19-0) and (5-1) to (15-1) 
bands of 180 2 are shown in Figs. 6-1 to 6-29. The corresponding values are tabu­
lated in Appendix D .l. The errors shown in Figs. 6-1 to 6-29 and listed in
Appendix D.l were due to counting statistics and uncertainties in pressure, tempera­
ture and cell length. The oscillator strengths of lines near the bandheads of the 
stronger bands are generally accurate to ~  5% and are essentially independent of the 
data  analysis model parameters.
The oscillator strength measurements are not as extensive as those presented 
for 160 o but they nevertheless show the predicted decrease in oscillator strength
with rotation in those bands for which a sufficient number of measurements have 
been made. Where the P  and R branches are resolved, the P  branch oscillator
strengths generally exceed those of the R branch as they did for 160 7, although not 
as conclusively, due to the reduced number of results and the less reliable analysis 
technique. The theoretical rotational dependences have also been shown in Figs. 6-1 
to 6-29, and the overall agreement with the measurements is very good.
Weighted least squares fitting of Eq. (5.5) was performed, both with and with­
out a fixed slope, and the values of /  and ß thus obtained have been tabulated in 
Appendix D.2 together with the theoretical fQ and ß values. Although the P and R
branches were fitted separately, the tabulated values were averaged over the P and
R branches due to the small magnitude of the ß values and the resultant large un­
certainty. The statistical error in the / 0 values is ~ 3% for t>' =  2 to 14 and in­
creases for the other bands. The measured ß values have, in general, quite a large 
uncertainty of ~ 30% r.m.s. and they average 120% of the theoretical values with 
an r.m.s. scatter of ~  45%.
Mean band oscillator strengths / ( v') were deduced by summing individual line 
oscillator strengths (obtained using Eq. (5.5) with the measured fQ and ß values) 
weighted with the appropriate Boltzmann factors. The /  values thus obtained are 
plotted in Figs. 6-30a and 6-30b along with the theoretical /  values. The /  values 
have also been tabulated in Appendix D.3. together with band oscillator strengths 
for the (5-1) to (15-1) bands. The /  values for the v"—\ bands are plotted in Fig. 
6-31 along with the theoretical values.
The measured integrated absorption intensities of Halmann and Laulicht (1965) 
and Halmann (1966) were converted into mean band oscillator strengths using Eq. 
(2.36). These values have been included in Fig. 6-30 and Appendix D.3 for com­
parison.
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1 0 . 0
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
( 2 - 0 )  b a n d
n" (n” +1)
Figure 6-1: Measured oscillator strengths for rotational lines from the
(2-0) Schumann-Runge band of 180,, together with the
predicted rotational dependences.
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
N" (N" +1)
F igure 6-2: Measured oscillator strengths for rotational lines from the
(3-0) Schumann-Runge band of 180 0 together with the 
predicted rotational dependences.
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(4 -0 )  band
* R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
N" (Nm +1)
F ig u re  6 -3 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(4-0) Schum ann-R unge band o f 180 o toge the r w ith  the
pred ic ted  ro ta tio n a l dependences.
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
(5 -0 )  band
1000
N" (N" +1)
F ig u r e  6 -4 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(5-0) Schum ann-R unge band o f 180 o toge the r w ith  the 
p red ic ted  ro ta tio n a l dependences.
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10.0
* R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
(6 -0 )  band
n " (n ” +1)
F ig u re  6-5: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(6-0) Schum ann-R unge band o f 180 o toge the r w ith  the
pred ic ted  ro ta tio n a l dependences.
* R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
(7 -0 )  band
1000
N" (Nh +1)
F ig u r e  6-6: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(7-0) Schum ann-R unge band o f 180 „  toge ther w ith  the 
p red ic ted  ro ta tio n a l dependences.
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A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
x  3-2
(8 -0 )  band
F ig u r e  6 -7 : Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(8-0) Schum ann-R unge band o f 180 0 toge ther w ith  the
pred ic ted  ro ta tio n a l dependences.
(9 -0 )  band
• P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
1000
N” (Ni"*!)
F ig u r e  6 -8 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(9-0) Schum ann-R unge band o f 180 0 toge ther w ith  the 
p red ic ted  ro ta tio n a l dependences.
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• P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
(10-0) band
n" (n" +1)
F igu re 6-9: Measured oscillator strengths for rotational lines from the
(10-0) Schumann-Runge band of 180 ,  together with the 
predicted rotational dependences.
• P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
(11-0) band
1000
N" (Nm +1)
F igu re 6-10: Measured oscillator strengths for rotational lines from the 
(11-0) Schumann-Runge band of 180 o together with the 
predicted rotational dependences.
150
(12-0) band
• P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
1000
N" (n" +1)
F igure 6-11: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(12-0) Schum ann-R unge band o f 180 o to ge th e r w ith  the 
p red ic ted  ro ta tio n a l dependences.
• P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
(13-0) band
Nm (N" +1)
F igure 6-12: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(13-0) Schum ann-R unge band o f 180.-, to ge th e r w ith  the 
p red ic ted  ro ta tio n a l dependences.
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•  P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
(14-0) band
n " (n " +1)
F igure 6-13: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(14-0) Schum ann-R unge band o f 180 o toge ther w ith  the 
p red icted  ro ta tio n a l dependences.
•  P branch 
x R branch
—  theoretical (P)
—  theoretical (R)
(15-0) band
F igure 6-14: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(15-0) Schum ann-R unge band o f 180 2 toge the r w ith  the 
p red ic ted  ro ta tio n a l dependences.
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•  P branch 
x R branch
—  theoretical (P)
—  theoretical (R)
(16-0) band
n " (n " +1)
F ig u re  6 -1 5 : Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(16-0) Schum ann-R unge band o f 180 o toge the r w ith  the 
pred icted  ro ta tio n a l dependences.
•  P branch 
x R branch
—  theoretical (P)
—  theoretical (R)
(17-0) band
n " (N" +1)
F ig u re  6 -1 6 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(17-0) Schum ann-R unge band o f 180 2 toge ther w ith  the 
pred ic ted  ro ta tio n a l dependences.
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F ig u re  6 -1 7 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(18-0) Schum ann-R unge band o f 180 o toge the r w ith  the 
pred ic ted  ro ta tio n a l dependences.
• P branch 
x R branch
—  theoretical (P)
—  theoretical (R)
(19-0)
n" (n" +1)
F ig u re  6 -1 8 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(19-0) Schum ann-R unge band o f 180 2 toge ther w ith  the 
pred ic ted  ro ta tio n a l dependences.
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(5-1) band
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
N" (N" +1)
F igure 6-19: Measured oscillator strengths for rotational lines from the
(5-1) Schumann-Runge band of 180 o together with the 
predicted rotational dependences.
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
(6-1) band
N"(N“ +1)
F igure 6-20: Measured oscillator strengths for rotational lines from the
(6-1) Schumann-Runge band of 180 0 together with the 
predicted rotational dependences.
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A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
(7-1) band
n" (n " +1)
F ig u r e  6 -2 1 :  Measured osc i l la to r  s trengths for ro ta t ion a l  lines f rom  the
(7-1) Schum ann-Runge band o f 180 0 together w i th  the 
predicted ro ta t io n a l  dependences.
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F i g u r e  6 -2 2 :  Measured osc il la to r  s trengths for ro ta t ion a l  lines from  the
(8-1) Schum ann-Runge band o f  180 0 together w i th  the 
predicted ro ta t io n a l  dependences.
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10.0
(9-1) band
•  P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
N“ (NM+1)
F igure 6-23: Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(9-1) Schum ann-R unge band o f 180 0 toge the r w ith  the 
p red icted  ro ta tio n a l dependences.
I I I I I r
(10-1) band
•  P branch 
x R branch
° - 7 _ A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
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N" (N" +1)
F igure 6-24: M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(10-1) Schum ann-R unge band o f l80 2 toge the r w ith  the 
pred ic ted  ro ta tio n a l dependences.
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_ •  P branch
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■ A R branch from unresolved PR
—  theoretical (P)
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nm (N" +1)
F ig u r e  6 -25 :  M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(11-1) Schurnann-R unge band o f 180 0 toge the r w ith  the 
pred ic ted  ro ta tio n a l dependences.
Z
oJ
2 . 2
2 . 0
O
*  1-8
1 . 6
1 .4
(12-1) band
•  P branch 
x R branch
A R branch from unresolved PR
—  theoretical (P)
—  theoretical (R)
1 . 2 j___________ I____________I
80 120
N" (N"+D
160 200
F ig u r e  6 -2 6 :  M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(12-1) Schurnann-R unge band o f 180 0 toge the r w ith  the 
p red icted  ro ta tio n a l dependences.
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x R branch
—  theoretical (P)
—  theoretical (R)
(13-1) band
X  2 . 2
N" (Nm +1)
F ig u re  6 -2 7 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(13-1) Schum ann-R unge band o f 180 o to ge th e r w ith  the 
p red icted  ro ta tio n a l dependences.
(14-1) band
•  P branch
x R branch
A R branch from 
unresolved PR
—  theoretical (P)
—  theoretical (R)
F ig u re  6 -2 8 : M easured o s c illa to r  s treng ths  fo r ro ta tio n a l lines from  the
(14-1) Schum ann-R unge band o f 180 2 to ge th e r w ith  the 
p red icted  ro ta tio n a l dependences.
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x R branch
—  theoretical (P)
—  theoretical (R)
(15-1)  b and
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F igu re 6-29: Measured oscillator strengths for rotational lines from the
(15-1) Schumann-Runge band of 180 o together with the 
predicted rotational dependences.
6.5.3 Predissociation Linewidths
The measured linewidths for the (2-0) to (19-0) bands are plotted in Figs. 
6-32 to 6-49 and tabulated in Appendix D.5. In cases where the P[N") and 
R (N " -i-2) branches were unresolved the width has been listed under the mean J  
value N" + 1. Where measurements were taken on resolved triplet fine structure 
components (v '>13). the widths are listed under appropriate odd and non integral 
mean J  values.
The errors in Appendix D.5 are statistical only. An additional error of ~ 5% 
results from the uncertainties in pressure, temperature and cell length. The errors 
due to inaccuracies in model parameters have not been considered explicitly.
The model calculations using the 160-, parameters of Table 5-2 are also shown 
in Figs. 6-32 to 6-49. There is excellent agreement between the measured and cal­
culated rotational dependences of linewidth for the (2-0) to (14-0) bands. The scat­
ter in the measurements for the (15-0) to (19-0) bands produces poorer agreement.
The linewidths were smoothed by the weighted least squares fitting of the 
function y=a + 6x3-rcx4, and extrapolated to J — 0. The results are plotted in Fig.
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F i g u r e  6 -3 0 :  Measured band o sc i l la to r  s treng ths  /  fo r  the  u " = 0
Schum ann-R unge  bands o f 180 2 toge ther w i th  the results o f 
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F ig u re  6-31: Measured band oscillator strengths /  for the v ' = \
Schumann-Runge bands of 180 0 together with the theoretical 
values.
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x R branch
(2 -0 )  band
—  theoretical
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F ig u r e  6 -3 2 : The v a ria tio n  o f F W H M  pred issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the  (2-0) Schum ann-R unge band o f 180 0.
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—  theoretical
(3 -0 )  band
F ig u r e  6 -3 3 : The v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (3-0) Schum ann-R unge band o f 180 0.
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(4 -0 )  band
•  P branch 
a PR
—  theoretical
F igu re 6 -3 4 : The v a ria tio n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (4-0) Schum ann-R unge band o f 180 2.
(5 -0 )  band
a PR
—  theoretical
F igu re 6 -3 5 : The v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (5-0) Schum ann-R unge band o f 180 0.
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—  theoretical
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Figure 6 -3 6 :  The  va r ia t io n  o f  F W H M  predissociation l in e w id th  w i th  ro ta ­
t ion  for the (6-0) Schum ann-Runge band o f 180 ^ .
(7 -0) band
*  PR
—  theoretical
F igure 6-37: The  va r ia t io n  o f F W H M  predissocia tion l in e w id th  w i th  ro ta ­
t io n  for the (7-0) Schum ann-Runge band o f 180 o.
165
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x R branch
* PR
—  theoretical
(8 -0 )  band
F ig u r e  6 -3 8 : The v a ria tio n  o f FVVHM  pred issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (8-0) Schurnann-R unge band o f 180 0.
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x R branch 
a PR
—  theoretical
(9 -0 )  band
F ig u re  6 -3 9 : T he  v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (9-0) Schum ann-R unge band o f 180 0.
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(10-0) band
•  P branch 
x R branch 
a PR
—  theoretical
F igure 6-40: The v a ria tio n  o f FVVHM  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (10-0) Schum ann-R unge band o f 18O n.
•  P branch 
x R branch 
a PR
—  theoretical
(11-0) band
F igure 6-41: T he  v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (11-0) S chum ann-R unge band o f 180,,.
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—  theoretical
F ig u re  6 -4 2 : The v a ria tio n  o f F W H M  pred issocia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (12-0) Schum ann-R unge band o f 180 2.
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F ig u re  6 -4 3 : The  v a ria tio n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
t io n  fo r the (13-0) Schum ann-R unge band o f 180 2.
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(14-0) band•  P branch 
x R branch 
^ PR
—  theoretical
F ig u re  6-44: The v a ria t io n  o f FVVHM  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (14-0) Schum ann-R unge band o f I80 o.
•  P branch 
x R branch 
—  theoretical
(15-0) band
F ig u re  6 -45: The v a ria t io n  o f FVVHM  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the  (15-0) Schum ann-R unge band o f 180 0.
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• P branch
* R branch 
—  theoretical
(16-0) band
F igure 6-46: The variation of FWHM predissociation linewidth with rota­
tion for the (16-0) Schumann-Runge band of 180 0.
(17-0) band•  P branch 
x R branch 
—  theoretical
F igure 6-47: The variation of FWHM predissociation linewidth with rota­
tion for the (17-0) Schumann-Runge band of 180 0.
170
0 .2 0
(18-0) band•  P branch 
x R branch 
a PR
—  theoretical
0 . 1 6
0 . 1 2
0 . 0 8
0 . 0 4
o .o o
F ig u re  6-48: The v a ria tio n  o f F W H M  pred issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  for the (18-0) Schum ann-R unge band o f 180 0.
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F ig u re  6-49: The v a ria t io n  o f F W H M  p red issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (19-0) Schum ann-R unge band o f 180 0.
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6-50 and tabulated in Appendix D.6 together with the theoretical predictions. 
Predissociation maxima at v ' —h, 7, 10, 14 are evident and the agreement between 
the measurements and predictions is excellent.
The 12 parameters required for the predissociation model were determined in 
the same way described in Section 5.5.2 for I60 ,  although in this case, only 15 
vibrational linewidths could be used. The quartic function previously fitted to the 
measurements w'as used to determine a mean width for N=  8 in each band and this 
width was then used in the fitting procedure for t>' =  3-17. The less accurate (2-0), 
(18-0) and (19-0) bands were not included in the fit. The calculated partial widths 
for the four predissociating states are shown in Fig. 6-51 and listed in Appendix 
D.7 together with the calculated and measured total widths for the (2-0) to (19-0) 
bands. The model widths were averaged over all triplet components for a fixed N  
to give the most valid comparison with the measurements. The fitted model 
linewidths are in good agreement with the measured values with an r.m.s deviation 
of 1.9% and a maximun deviation of 4.2% for t’' = 3-16. The results for v ' —2 and 
v ' =  17-19 were less well fitted due to the poorer accuracy of the measurements for 
these bands.
The best fitted model parameters are given in Table 6-1 along with tfie values 
previously listed for 160.,. The quoted errors are 3a values determined from the fit­
ting procedure. Overall the agreement between the two sets of values is quite good, 
with most values agreeing within the stated errors. This good agreement between 
the independently determined sets of values supports the initial assumption that the 
potential curves for 1G0 o and 180 0 are identical.
The uncertainties in each of the twelve parameters are greater for ,80 0 since 
only 15 widths were used in the fitting procedure compared to 18 widths for 160 o.
The 077 interaction makes the most important contribution to the predissocia­
tion broadening, as shown in Fig. 6-51. and the 077u parameters were therefore again 
the best determined by the fitting procedure.
The parameters for the !/7^ state were reasonably well determined. This state 
has its maximum effect in the v'  — 2 and u' = 3 bands, as seen in Fig. 6-51, and the 
uncertainty in the measured (3-0) width therefore results in the l IJu parameters be­
ing considerably less well determined than they were for 160 2, where the (1-0) and 
(2-0) widths were included in the fit.
The parameters were also reasonably well determined, and the agreement
with the 160^ parameters for this state  is quite good.
The 3[Ju parameters are not in good agreement with the values determined 
from the 160 o results. Examination of the partial w-idths in Fig. 6-51 shows that
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F ig u r e  6 -5 0 : M easured F W H M  pred issoc ia tion  lin e w id th s  e x tra p o la te d  to
zero ro ta tio n  fo r the (2-0) to  (19-0) Schum ann-R unge  bands 
o f 180 „  toge the r w ith  the th eo re tica l p red ic tions .
F ig u r e  6 -5 1 : C a lcu la ted  best f i t  p a r t ia l F W H M  p red issoc ia tion  w id th s  fo r
the (2-0) to  (19-0) Schum ann-R unge bands o f 180 0.
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Table 6-1: The best fit. model param eters  for 180  com pared with those
for 160 0.
S ta te A x K 1) i \ lx (c m '1 A '1) % (A)
5/7
U
70.1 ± 2.2 38700 ± 1100 1.881 ± 0.001
23r  +u 39.8 ± 3.7 34000 ± 4000 2.004 ±  0.004
18o ? 3/7 21.1 + 3.0 39000 ±  3000 1.482 ± 0.0092 U
lnu 25.2 ± 7.1 21000 ± 2000 1.733 ± 0.008
sn
u 70.9 ± 1.5 39700 ± 1000 1.880 ± 0.001
23T U 38.8 a: 4.2 42300 ± 8000 1.996 ± 0.001
16° 2 zn U. 25.8 ± 2.8 62700 ± 5000 1.441 ± 0.006
1 77 32.2 ^  3.0 22400 ± 1300 1.731 -  0.003U
the 3H n s ta te  makes the greatest relative con tribu tion  to the to ta l  w idth a t  v '  = 12. 
The to ta l  u ' =  6 width is also largely due to  the 377u contribu tion . The 3/7ii 
param eters  for 180 ,  are thus mainly determ ined from these narrower widths which 
are more difficult to measure, and it is therefore not surprising th a t  the differences 
beteween the I60 o and 180 ,  param eters  are greatest for this state.
6.6 D iscu ssion
6.6.1 Line Positions
The 2.2 m m onochrom ator was not designed for wavelength m easurem ents of 
the accuracy needed for precise determ ina tion  of spectroscopic constan ts .  High 
resolution photographic m easurem ents of line positions in the SR bands of the 
oxygen isotopes, of the type presented by Yoshino et al. (1981) for 160 , .  would en­
able a much more accura te  de term ination  of the lsO , spectroscopic constan ts .
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6.6.2 Oscillator Strengths
The band oscillator strengths of Halmann and Laulicht (1965) and Halmann 
(1966) diverge from the present results and also from the calculated values as v'  in­
creases. A possible explanation for this is the increased overlap of bands with in­
creasing v' .  The method of Halmann (1966) is sensitive to band overlap, and the 
integrated absorption coefficient for a given band will be underestimated by the 
proportion of the band that  extends into the next band. Therefore, as the overlap 
increases with u ' ,  so will the error in the integrated absorption coefficients.
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F igure 6-52: Oscillator strength densities obtained from the current
measurements for 180„ Schumann-Runge transitions from the 
i;" = 0 state. ,
The continuity of oscillator strength through the dissociation limit was again 
investigated. The method was identical to that  described in Section 5.6.1 for 160 2 
and the appropriate values used in the determination have been listed in Appendix 
D.4.
The oscillator strength density is plotted as a function of wavenumber in Fig. 
6-53. Continuity is observed across the B  3 IT dissociation limit. No corresponding 
determination was made for the t»"=l bands of 180 9 since the continuum arising 
from this state cannot be experimentally measured and no theoretical values were 
available. The coefficients a. of Eq. (5.6) are listed in Appendix D.4 for 180 2.
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The observed continuity of oscillator strength density allows the interpolation 
of oscillator strengths for the (16-0) to (24-0) bands, which were not determined ex­
perimentally. Smoothed rotationless oscillator strengths /  ( t/)  were obtained from 
the fitted curve in Fig. 6-52 and these have been included in Appendix D.4.
The extent and accuracy of the 180 2 oscillator strength measurements allowed 
the determination of the dipole moment using the same method and the same 
potential curves as for 160 2 in Chapter 5. The calculation of the dipole moment 
was, therefore, a reversal of the theoretical oscillator strength calculations described 
in Section 6.3.2 using Eq. (6.4), where the 160 2 dipole moment was assumed. Since 
the measured oscillator strengths are totally independent of any such assumption, 
this calculation forms a good test of the dependence of the 0 2 dipole moment on 
isotopic substitution.
Wavefunctions for v" — 0, u ' = 2-17 and r " = l ,  t>' =  5-15 were calculated by
numerical integration of the Schrödinger equation and the dipole moment was ex­
pressed as a power series in the internuclear separation r. The coefficients of this 
power series were determined by a weighted least squares procedure which compared 
the calculated with the smoothed measured rotationless oscillator strengths. The
G O
dipole moment so obtained for öO,2 was, for 1.310 A < r <  1.362 A
D(r)  =  1.54952 4 0.050258r -  0.45991 r 2, (6.5)
°
where D(r) is in atomic units and r is in A. The r.m.s. deviation from the ex- 
perimental results for the fit was 3.2%. The dipole moment is compared in Fig. 
6-53 with the dipole moment determined for 160 2. The difference between the two 
dipole moments is within the ~  3%i uncertainty in their fits. Therefore, on the
basis of the present measurements, there is no evidence th a t  the dipole moment is 
affected by isotopic substitution over the small range of internuclear distance 
covered.
6.6.3 Predissociation Linewidths
The calculated linewidths shown in Figs. 6-32 to 6-49 are totally independent 
of the measurements, having been based on the 160 0 results. Hence, the observed 
agreement between the measured and calculated rotational and vibrational depen­
dences of the predissociation linewidth further supports the correctness of the predis­
sociation model described in Chapter 5.
Julienne (1976) calculated the variation of predissociation linewidth with vibra­
tion for ,80 9. He found maxima at t,/ = 4, 7. 10, 14. The main differences between
the present results and the calculated widths of Julienne (1976) occur at r '  = 4, 5
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F i g u r e  6 -5 3 :  The  v a r ia t io n  o f  the d ipole  m om en t ob ta ined here for 18O n
compared w i th  the p reviously determ ined d ipole  m om en t for
16o2.
and 7. Ju lienne predicted th a t  the m a x im u m  ,80 o w id th  w ou ld  occur a t v ' = ~ , 
whereas our ca lcu la t ions  (con firm ed  by the measurements as seen in Fig. 6-50) 
p red ic t th a t  the v ' w id th  is s l ig h t ly  less than those for r '  =  4 and 5. A lso, our 
measurements and ca lcu la t ions  bo th  show the v '  — b w id th  as greater than  the v '= 4  
w id th ,  whereas Ju lienne (1976) predicted the opposite. These small differences 
shou ld  not be in te rp re ted  as a fa u l t  in the model o f  Ju lienne (1976), bu t ra the r  as 
a consequence o f  the shortage o f  good experim en ta l da ta  ava i lab le  at th a t  t im e  on 
w h ich  to  base the ca lcu lations.
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CHAPTER 7
THE SCHUMANN-RUNGE BANDS OF 160 ,80
7.1 In trod u ction
The nuclei of the 160 180  molecule are distinguishable, unlike those of 160 o and 
180„. Therefore the symmetry conditions which result in alternate rotational levels 
missing in the two homonuclear species no longer apply and, as a result, all rota­
tional levels occur in the 160 180  molecule. A system of 160 180  molecules thus oc­
cupies twice as many states as a 160 o or 180 0 system and has approximately half 
as many molecules in any given state. The spectrum of 160 180  consequently has 
twice as many lines as either the 160 2 or 180^ spectra but the line intensities are 
only about half as strong as those of corresponding transitions in the homonuclear 
species.
The experimental investigation of the SR bands of 160 180  is important for 
two main reasons. Firstly, a detailed knowledge of the 160 180  spectrum is neces­
sary for an accurate study of the weaker features of the ieO, absorption spectrum 
when oxygen of normal isotopic abundance is used, since 160 180  constitutes 0.408% 
of atmospheric oxygen (Nier (1950)). The importance of this knowledge has been 
discussed in previous chapters. Secondly, there have recently been conflicting es­
timations made of the contribution of ,60 180  to atmospheric absorption of solar 
ultraviolet radiation by Cicerone and McCrumb (1980) and Blake et al. (1984). 
The lack of experimental data  on the SR bands of l60 180  has prevented the resolu­
tion of this disagreement.
7.2 P r e v io u s  M easu rem en ts
The existence of 160 180  in the atmosphere was first discovered by Dieke and 
Babcock (1927) who observed an extremely weak band near the (0-0) atmospheric 
band (fe1^ - X  3£ ”) of 0 0 at 7596 A. The analysis of Giauque and Johnston (1929) 
confirmed tha t  the band originated from the 160 lsO molecule. Babcock and 
Herzberg (1948) investigated this system of forbidden bands and derived spectro­
scopic constants for the 3iX transition in 160 180 .
The only line position measurements reported for the SR bands of 160 180  are
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those of Hecht et al. (1975) who tabulated the positions of 89 lines in the (6-0) to 
(10-0) bands.
Steinbach and Gordy (1975) measured rotational transitions in the microwave 
spectrum of 160 180  and derived precise spectroscopic constants for the ground state. 
Edwards et al. (1975) determined rotational constants and bond lengths for the
ground state of ieO, , 160 180  and 180 o from analysis of pure rotational Raman
spectra. The 160 180  constants agreed with the values of Steinbach and Gordy 
(1975).
7.3 T heoretica l  P red ict ion s
7.3.1 Line Positions
Spectroscopic constants for 160 180  can be calculated in the manner described 
in the previous chapter for I80 0. Such calculations have been made by Blake et al. 
(1984), who found that  their predicted line positions agreed fairly with the measure­
ments of Hecht et al. (1975).
In applying Eq. (6.3) or Eq. (2.8) to the determination of the rotational levels 
within a given band. .V assumes even values as well as odd for the 160 ]80
molecule, resulting in twice as many lines in a band as there are for 160 0 or 180„.
The dissociation limit for 160 180  was calculated in the same way as described 
for 180 o, the resulting value being 57158.5 cm'1. The increased dissociation limit 
and the shift of vibrational levels to lower energies resulted in the additional bound 
level v '= 23  being predicted for 160 180 .
7.3.2 Oscillator Strengths
The calculation of band oscillator strengths for ,c0 180  follows exactly the 
same procedure described in the previous chapter for 180„. The isotopic shift of
vibrational levels to lower energies than the ,60 0 levels, will not be as great as the 
shift in 180„  and therefore the band oscillator strengths for ie,0 180  are expected to 
be smaller than their 160 ,  counterparts,  but larger than the corresponding strengths 
in 180 2.
Individual rotational lines in the 160 180  absorption spectrum will appear only 
about  half as strong as their counterpar ts in the 160 ,  or 180 o SR bands, since each 
rotational level in 160 18() has only about half the population of a corresponding 
level in the homonuclear oxygen species. The actual line oscillator s trengths within 
a given band will be comparable in all species, however, since this parameter  relates 
to a single molecule. The variation in line oscillator strengths between the various 
isotopes is primarily determined by the band s trength variation. The rotational
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dependence of oscillator s trength within the bands will vary slightly, due to the dif­
ference in centrifugal distortion of the rotating molecule between the various 
isotopes.
7.3.3 Predissociation Linewidths
The theoretical predissociation model described in Chapter  5 was used to cal­
culate predissociation linewidths for the SR bands of 160 180 .  The values deter­
mined for A , M  and r from the 160„  linewidth measurements were used to 
predict the vibrational and rotational variations of linewidth in 160 180 .  The poten­
tial curves were unchanged from Chapter  5 for zero rotation, but  the vibrational 
wavefunctions derived from them for 160 180  were, of course, different from those of 
160 0. The centrifugal energy term added to the potentials in determining the rota­
tional dependence was adjusted for the increased mass of the 160 180  molecule.
7.4 E xp er im en ta l  P roced u re
The method used in measuring 160 180  absorption was essentially the same as 
that  used for 180 o. Five 10 cm quartz cells cells were filled and sealed with 20% 
,80  enriched oxygen to pressures of 2.7, 29, 204, 771 and 1573 torr. After filling, 
each cell was irradiated for several hours with a mercury lamp, as described in 
Chapter  3. The isotopic distribution of the gas was then taken to be 64% 160 0, 
32% 1C0 180  and 4% 180 0. Lengthy absorption scans were then performed on each 
of the cells in the same way as described for 180 0. In addition, many absorption 
lines were individually scanned for equivalent width determination in a similar man­
ner to the technique described for 160 , , .  but without the empty cell backgrounds at 
the start and finish of the scans. It was found that  scanning individual lines or 
groups of lines in this way offered no advantage over performing only the one 
lengthy scan and analysing the individual lines in that  scan. The lengthy scan 
technique only was therefore used in the 180 0 measurements.
The presence of a mixture of isotopes in each cell provided two advantages 
over the much more uniform isotopic content of the 180-, cells. The large con­
centration of 160 2 allowed firstly, the wavelength calibration of the absorption 
spectra (using the 160 0 wavenumber tables of Yoshino et al. (1984)) without the 
need for the simultaneous scanning of two cells employed for 180 0, and secondly, 
determination of the gas pressure within the cells from the known strengths of the 
160 o absorption lines. (The pressure in the 2.7 torr cell was found to be actually 
4.0 torr, using this method, but the other pressures appeared accurate and remained 
unchanged.)
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The disadvantages of a gas mixture with a significant percentage of all three 
isotopic species were considerable. The spectrum of 160 180  contains twice as many
rotational lines as either of the homonuclear oxygen species, and added to the 160 o
and 180 o lines also present in the spectrum with significant strength, this results in
four times the number of rotational lines in this gas mixture as there are in a
homogeneous sample of one of the homonuclear isotopes. The problems in analysis 
caused by overlapping lines are thus greatly increased. Analysis of this complex ab­
sorption spectrum therefore requires an accurate knowledge of the positions, 
strengths and widths of the 160 2 and 180 , ; lines. The results of the previous two 
chapters were thus vital in determining the corresponding parameters for 160 180 .
These difficulties in measuring the absorption spectrum of 160 180  are in­
escapable. Even if a homogeneous sample of 160 180  were available, the processes of 
predissociation and subsequent random recombination during UV absorption measure­
ments would eventually result in a statistical mixture of all three isotopes. The 
20% 180  enriched mixture was close to ideal in minimising the difficulties. While a 
50% 180  enrichment would result in the maximum possible (50%) concentration of 
160 180 ,  it would also result in equal (25%) concentrations of 160 0 and 180 9. The 
identification of absorption lines would be more difficult in such a situation than in 
the 20% 180  mixture where the 180^ lines are much weaker than the 160., lines al­
lowing the relative strengths to assist in line assignments.
The data  analysis technique was similar to tha t  described in the previous 
chapter for 180 0, with the underlying continuum again being omitted from the 
model.
7.5 Results
7.5.1 Line Positions
Spectroscopic constants for the B  3A% state of l(>0 180  were determined from 
our measured line positions and have been included in Appendix A. Calculated con­
stan ts  were used to supplement the experimentally determined values.
The spectroscopic constants for 160 180  listed in Appendix A.3 are preliminary 
values only, and have been included because no other experimentally determined 
constants are currently available, apart from the unreliable values of Hecht et al. 
(1975) for t>' = 6-10.
The extra rotational lines expected for 160 180  and the complexity of the ab­
sorption spectrum in the isotopic mixture can be seen in Fig. 7-1 where the ob­
served spectrum in the region of the (6-0) bands is shown.
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F igure 7-1: The measured absorption spectrum of the 2 0 ^  leO enriched
oxygen mixture in the wavelength region 1880-1900 A. The 
composition of the gas was 6-4% 160 0. 32% 160 180  and 4% 
180 o. The temperature was 295 K and the pressure was
20-4 torr. The (6-0) Schumann-Runge bands of both 160 2 and 
160 180  are clearly seen, with the envelopes of the rotational 
lines following Boltzmann distributions, and the isotopic shift 
in the line positions is evident, with the band origins being in­
dicated. The occurrence of twice as many rotational lines in 
the 160 180  band is apparent.  The (6-0) band spectrum is less 
complicated than the spectra of other bands since the P(N")  
and R (N ' ,Jr 2) branches overlap.
7.5.2 Oscillator Strengths
The difficulties associated with the complexity of the measured absorption 
spectra, as described in Section 7.-4, resulted in the determination of considerably 
fewer oscillator strengths and linewidths than were presented for 160 0 and 18O v 
Analysis of the v"—\ (hot) bands was not a ttempted,  since this was difficult enough
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for the homonuclear isotopes and doubly so for 160 180 .  The measured oscillator 
strengths for the (2-0) to (15-0) bands of 160 180  are shown in Figs. 7-2 to 7-15. 
The corresponding values are tabulated in Appendix E .l .  The errors shown in Figs. 
7-2 to 7-15 and listed in Appendix E.l were due to counting statistics and uncer­
tainties in pressure, temperature and cell length.
Figures 7-2 to 7-15 show the predicted decrease in oscillator strength with 
rotation which has already been shown for 160 o and 180 2. The theoretical rota­
tional dependences have also been included in Figs. 7-2 to 7-15 and are seen to be 
in good agreement with the measurements.
Weighted least squares Fitting of Eq. (5.5) was performed both with and with­
out a fixed slope, and the values of fQ and ß thus obtained have been tabulated in 
Appendix E.2 together with the theoretical f Q and ß values. Although the P  and R 
branches were fitted separately, the tabulated values were averaged over the P and 
R branches due to the small magnitude of the ß values and the resultant large un­
certainty. The statistical error in the fQ values is ~  4%. The measured ß values 
have, in general, quite a large uncertainty of ~ 30% r.m.s. and they average 120% 
of the theoretical values with an r.m„s. scatter of ~  45%.
Mean band oscillator strengths f (v' )  were deduced by summing individual line 
oscillator strengths (obtained using Eq. (5.5) with the tabulated fQ and ß values), 
weighted with the appropriate Boltzmann factors. The /  values thus obtained have 
been included in Appendix E.2 and are plotted in Fig 7-16 together with the 
theoretical predictions.
7.5.3 Predissociation Linew'idths
The measured linewidths for the (2-0) to (15-0) bands are plotted in Figs. 
7-17 to 7-30 and tabulated in Appendix E.3. In cases where the P(N')  and 
R(N"-\\-2) branches were unresolved the width has been listed under the mean J 
value N ”T 1 • Where measurements were taken on resolved triplet fine structure 
components (u '>12), the widths are listed under appropriate odd and non integral 
mean J  values.
The errors in Appendix E.3 are statistical only. An additional error of ~ 5% 
results from the uncertainties in pressure, temperature and cell length. The errors 
due to inaccuracies in model parameters have not been considered explicitly.
The model calculations using the 160 o parameters of Table 5-2 are also shown 
in Figs. 7-17 to 7-30. There is excellent agreement between the measured and cal­
culated rotational dependences of linewidth for the (3-0) to (10-0) bands. The scat­
ter in the measurements for the (2-0) and (11-0) to (15-0) bands produces poorer 
agreement.
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F ig u re  7 -2 : Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(2-0) Schum ann-R unge band o f 1B0 180  to ge th e r w ith  the 
p red icted  ro ta tio n a l dependences.
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F ig u re  7 -3 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(3-0) Schum ann-R unge band o f 160 180  to ge th e r w ith  the 
pred ic ted  ro ta tio n a l dependences.
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F ig u r e  7 -4 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines from  the
(-4-0) Schum ann-R unge band o f 160 180  to ge th e r w ith  the 
p red icted  ro ta tio n a l dependences.
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F ig u r e  7 -5 : M easured o s c illa to r  s treng ths  fo r ro ta tio n a l lines from  the
(5-0) Schum ann-R unge band o f 160 180  to ge th e r w ith  the 
p red ic ted  ro ta tio n a l dependences.
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Figure 7-6: Measured oscillator strengths for rotational lines from the
(6-0) Schurnann-Runge band of 160 180  together with the 
predicted rotational dependences.
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Figure 7-7: Measured oscillator s trengths for rotational lines from the
(7-0) Schumann-Runge band of 160 180  together with the 
predicted rotational dependences.
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gu re  7-8: Measured osc il la to r  s trengths  for ro ta t io n a l  lines from  the 
(8-0) Schum ann-Runge band o f 160 180  together w i th  the 
p redic ted ro ta t io n a l  dependences.
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F ig u r e  7-9: Measured osc il la to r  s trengths  for ro ta t io n a l  lines from  the
(9-0) Schum ann-Runge band o f 160 180  together w i th  the 
p red ic ted  ro ta t io n a l  dependences.
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F i g u r e  7-10: Measured oscillator strengths for rotational lines from the
(10-0) Schumann-Runge band of 160 180  together with the 
predicted rotational dependences.
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F igu re 7-11: Measured oscillator strengths for rotational lines from the
(11-0) Schumann-Runge band of 160 180  together with the 
predicted rotational dependences.
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Figure 7-12: Measured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(12-0) Schum ann-R unge band o f 160 180  toge the r w ith  the 
pred ic ted  ro ta tio n a l dependences.
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Figure 7-13: M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines from  the
(13-0) Schum ann-R unge band o f 160 180  toge ther w ith  the 
p red icted  ro ta tio n a l dependences.
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F ig u re  7 -14 : M easured o s c illa to r s tren g ths  fo r ro ta tio n a l lines fro m  the
(1-1-0) Schum ann-R unge band o f 160 180  toge the r w ith  the 
p red ic ted  ro ta tio n a l dependences.
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F ig u re  7 -15 : M easured o s c illa to r s treng ths  fo r ro ta tio n a l lines fro m  the
(15-0) Schum ann-R unge band o f 160 180  toge the r w ith  the 
pred ic ted  ro ta tio n a l dependences.
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F ig u r e  7 -1 6 : M easured band o s c illa to r s tren g ths  /  fo r the v "= 0
Schum ann-R unge bands o f 160 180  toge the r w ith  the  th e o re ti­
cal p red ic tions .
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jure 7-17: The v a r ia t io n  o f  FVVHM predissociation l in e w id th  w i th  ro ta ­
t ion  for the (2-0) Schumann-Runge band o f 160 180 .
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F ig u r e  7-18: The v a r ia t io n  o f  F W H M  predissociation l in e w id th  w i th  ro ta ­
t io n  for the (3-0) Schum ann-Runge band o f 160 lsO.
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F ig u r e  7 -1 9 : The  v a ria t io n  o f F W H M  pred issocia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (4-0) Schum ann-R unge band o f 160 180 .
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F ig u r e  7 -2 0 : T he  v a ria t io n  o f F W H M  pred issoc ia tion  lin e w id th  w ith  ro ta ­
tio n  fo r the (5-0) Schum ann-R unge band o f 160 180 .
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F ig u r e  7 -21: The variation of F W H M  predissociation linewidth with rota­
tion for the (6-0) Schumann-Runge band of 160 180 .
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F ig u r e  7 -22: The variation of F W H M  predissociation linewidth with rota­
tion for the (7-0) Schurnann-Runge band of 160 180 .
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*ure 7-23: The variation of FWHM predissociation linewidth with rota­
tion for the (8-0) Schumann-Runge band of 160 180 .
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Figure 7-24: The variation of FWHM predissociation linewidth with rota­
tion for the (9-0) Schumann-Runge band of 160 180 .
195
•  P branch 
x R branch 
—  theoretical
(10-0) band
F i g u r e  7 -25 : The v a r ia t io n  o f F W H M  predissociation l in e w id th  w i th  ro ta ­
t ion  for the (10-0) Schum ann-Runge band o f 160 180 .
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F i g u r e  7 -26 : The  va r ia t io n  o f  F W H M  predissociation l in e w id th  w i th  ro ta ­
t ion  for the (11-0) Schumann-Runge band o f 160 180 .
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x R branch
* PR
—  theoretical
(12-0) band
'lire 7-27: The variation of FWHM predissociation linewidth with rota­
tion for the (12-0) Schurnann-Runge band of ,60 180 .
• P branch 
x R branch 
a PR
—  theoretical
(13-0) band
F igure 7-28: The variation of FWHM predissociation linewidth with rota­
tion for the (13-0) Schurnann-Runge band of 160 180 .
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a PR
—  theoretical
(14-0) band
F ig u r e  7 -29: The variation of F W H M  predissociation linewidth with rota­
tion for the (14-0) Schumann-Runge band of 160 180 .
(15-0) band
*  PR
—  theoretical
F ig u r e  7-30: The variation of F W H M  predissociation linewidth with rota­
tion for the (15-0) Schumann-Runge band of 160 lsO.
198
The linewidths were smoothed and ext rapola ted  to J - 0. T h e  results are 
p lot ted in Fig. 7-31 and tabula ted  in Appendix E.4 together with the  theoretical 
predictions. Predissociation max ima a t  v' — i ,  7, 10, 15 are evident.
The 12 parameters  required for the predissociation model were determined in 
the same wav described in Section 5.5.2 for 160 0 a l though in this case, only 13 
vibrat ional  l inewidths were used. The measured l inewidths for each band were 
smoothed and the width for N= S  was then used in the fit t ing procedure for 
t /  =  2-15. The calculated partial  widths  for the four predissociating s t a t es  are shown 
in Fig. 7-32 and listed in Appendix E.5 together with the calculated and measured 
to tal  widths  for the (2-0) to (15-0) bands.  The model widths  were averaged over 
all t riplet  components  for a fixed N  to give the most valid compar ison with the 
measurements .
The best fit ted model paramete rs  are given in Table  7-1 along wi th the values 
previously listed for 160 o. The quoted errors are 3a values determined from the fit­
t ing procedure. The agreement  between the two sets of values is good, with most 
of (he values agreeing wi thin their combined uncertainties.
The 5/7u paramete rs  were again the best determined since this s t a t e  makes the 
most  impor tan t  contr ibution to the predissociation broadening.  T h e  parameters 
determined for the o ther  s tates  were found to be quite sensitive to the  inclusion or 
exclusion of results for the  less accurately determined bands.  Thus ,  al though the 
uncertaint ies  quoted from the f i t t ing procedure are fairly small,  they merely reflect 
the  ability of the model to adapt  to the da t a  used. The 160., values should be 
regarded as much more reliable, since the addi tional  measurements  available meant  
th a t  the fitted paramete rs  did not vary greatly if one or two bands  were omitted 
from the fit. In other  words,  a l though in principle twelve bands  are sufficient to 
determine the twelve parameters ,  the more widths  available the more accurately 
defined and robust  the parameters '  will be.
7 .6  D is c u s s io n  
7.6.1 Line Posit ions
The 2.2 m mono chromato r  was not designed for wavelength measurements  of 
the  accuracy needed for precise determinat ion of spectroscopic constants .  High 
resolution photographic  measurements  of line positions in the SR bands  of the 
oxygen isotopes, of the type presented by Yoshino et al.  (1984) for 160 2< would en­
able a much more accura te  determinat ion of the 160 180  spectroscopic constants .
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this work
theoretical
F i g u r e  7 -3 1 : Measured FYVHM  predissociation l ine w id ths  e x tra po la ted  to
zero ro ta t io n  for the (2-0) to  (15-0) Schum ann-R unge  bands 
o f 160 180  together w i th  the theore tica l p red ic t ions.
------ IT
F i g u r e  7 -32 : Ca lcu la ted  best f i t  p a r t ia l  FYVHM predissocia tion w id th s  for
the (2-0) to  (15-0) Schum ann-Runge bands o f 160 180 .
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T a b l e  7-1: T he best fit model param eters  for 160 180  com pared  with
those for 160 2.
S ta te A x ( c m '1) M x ( c m '1! ' 1) rz(A)
5/7
U
69.2 ±  1.8 39000 ± 1000 1.880 ± 0.001
23r  +u 40.7 ±  5.0 53000 ± 12000 1.999 ±  0.005
<T
> o 00 o 3n
u
28.1 ± 1.8 55000 ± 2000 1.458 ± 0.003
177
U
37.3 ± 6.1 34000 ± 2000 1.695 ±  0.004
577
U
70.9 ± 1.5 39700 ±  1000 1.880 ±  0.001
23r  +
u
38.8 ± 4.2 42300 ± 8000 1.996 ±  0.001
16o 0 3/7 25.8 ± 2.8 62700 ± 5000 1.441 ± 0.006
U
177
U
32.2 ± 3.0 22400 ± 1300 1.731 ±  0.003
7.6.2 Oscillator S trengths
The 160 180  oscillator s trength  m easurem ents  were used to de term ine  the dipole 
m om ent using the same method and the same potential curves as for 160 o in 
C h ap te r  5.
W avefunctions for v" — 0, t '  =  2-15 were calculated by numerical in tegra tion  of 
the Schrödinger equation and the dipole mom ent was expressed as a power series in 
the internuclear separation  r. The coefficients of this power series were determ ined 
by a weighted least squares procedure which com pared the calculated  w ith  the 
sm oothed measured rotationless oscillator s trengths . The dipole m om ent so obtained 
for 160 ]80  was, for 1.312 A < r < 1.362 A
D(r)  =  1.77534 +  0.054137r -  0 .59478r2, (7.1)
°
where D {r ) is in a tom ic units and r is in A. The r.m.s. deviation from the ex­
perimental results for the fit was 2.8%. The dipole m om ent is com pared  in Fig. 
7-33 with the dipole m om ents determ ined for 160 0 and 180,,. T he difference be­
tween the dipole m om ents  is clearly within the ~  3% uncerta in ty  in their d e te rm in a­
tions. Therefore, on the basis of the present m easurem ents,  there is no evidence 
th a t  the dipole m om ent is affected by isotopic subst i tu t ion  over the small range of 
internuclear d istance covered.
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Figure 7-33: The var ia t ion of dipole moment  obtained here compared with
the dipole moments  previously determined for 160 ^  and 1?O r
7.6.3 Predissociation Linewidths
The calculated l inewidths shown in Figs. 7-17 to 7-30 are totally independent 
of the measurements ,  having been based on the  ieO,, results.  Hence, the observed 
agreement between the measured and calculated rotat ional  and vibrat ional  depen­
dences of the predissociation l inewidth further suppor ts  the correctness of the predis­
sociation model described in C h ap te r  5.
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CHAPTER 8 
CONCLUSION
8.1 The U n derly ing  C on tin u u m
The photoabsorption continuum underlying the Schumann-Runge bands of 160 ,  
has been closely examined. Step-like s tructure in the underlying continuum, due to 
absorption from rotationally excited levels of the ground state into the B 3X u state, 
predicted by Gies et al. (1981), has been verified experimentally for the first time. 
Both the wavelengths and the magnitudes of the threshold cross sections agree well 
with theoretical calculations. The direct measurement of the wavelengths of the 
lowest rotational thresholds has led to the determination of a new dissociation limit 
of 57136.0 ±0 .5  c m '1 for the B  state, which supersedes the previously accepted 
value of 57127.5 ± 5 .0  cm '1, determined by Brix and Herzberg (1954). These results 
have been published by Lewis et al. (1985a).
A contribution to the underlying continuum arising from transitions to a state 
other than B 3T" or A 3T’+ has been found. This additional contribution has been
U U
assigned to the electric dipole forbidden l 3/7^-Ar 3£y transition. The observed
wavelength dependence was found to be consistent with a 13 77^  potential curve based 
on the experimental work of Cartw'right et al. (1976) and the ab ini t io  calculations 
of Saxon and Liu (1977). The observed strength of the transition was not so large 
as to be inconsistent with the negative results of Lee et al. (1977), although it was 
greater than expected for a magnetic dipole allowed case.
The observed temperature  dependence of the pressure coefficients strongly sug­
gests that  bound ( 0 7)9 dimers do not play a significant part in absorption in this 
spectral region and therefore, that  the interpretation of Shardanand (1969, 1977, 
1978) is incorrect. The observed pressure dependence of the photoabsorption cross 
section has been att r ibuted instead to unbound collision pairs enhancing the 
probabilities of the A - X  and 3/ / ^ - X  transitions. These results have been published 
by Lewis et al. (1985b).
The underlying continuum measurements have been combined to produce a
O
model underlying continuum in the wavelength range 1750-2050 A for inclusion in 
the O,, absorption model used in the data  analysis of this w'ork. This model con-
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t inuum,  shown in Fig. 2-6, and the model pressure coefficient shown in Fig. 2-7,
should also prove useful in a tmospher ic  modelling applications.
The ex t ra  component  of the underlying cont inuum,  which has been ascribed 
here to the l ?JHg s tate,  requires fur ther invest igat ion to fully establish this proposi­
tion. To this end, an experiment similar to t h a t  of Lee et al. (1977) (examining 
the q uan tum  yields for O ( ] D)  from photodissociat ion of 0 0) is planned in this 
laboratory.
8.2 The Schu m an n -R u n ge  B an d s  o f  160 2
Extensive high resolution photoabsorpt ion measurements  have been performed 
on most of the experimental ly accessible rotat ional  lines in the Schumann-Runge 
band system of 160,,. Oscil lator s t rengths  and predissociation l inewidths have been 
determined for as many lines as possible.
Exper imental  oscillator s t rengths  have been presented for the (1-0) to (22-0)
and (3-1) to (17-1) bands.  The measurements  presented are the most  extensive and 
the most accura te  currently available.  Exper imenta lly determined oscillator 
s t rengths for the (22-0) and (11-1) to (17-1) bands  have not been reported 
previously. The decrease of equivalent band oscillator s trength  wi th increasing ro ta ­
tion has been confirmed for the t»" = 0 bands  and observed for the  v ' ~ \  bands for
the first time. The smoothed rotat ionless oscil lator s t rengths  obtained here can 
be used in conjunction with the theoretical  rotat ional  dependences ß obtained by 
Allison (1975) for line by line modelling of the Schumann-Runge bands.  The 
measured mean band oscillator s t rengths  for the (1-0) to (12-0) bands  agree very 
well with the recent absolute oscillator s t rength  measurements  of Yoshino et al. 
(1983). The r"  =  l band oscillator s t rengths  agree well with the measurements  of 
Hudson and Car te r  (1968) and Hasson et al. (1970), but are more extensive and ex­
hibit  less scatter.
Cont inui ty  of oscillator s t rength  density across the B  3IC dissociation limit has 
been verified experimental ly for t ransi t ions from the v ” — 0 and r " = l  states ,  enabling 
more reliable high v '  oscillator s t rengths  to be obtained by interpolat ion and 
smoothing.
The oscillator s trength  measurements  have been used to determine the dipole 
moment  for the Schumann-Runge t rans it ion and it has been found to agree very 
well with the recent ab in i t i o  and semi-empirical  de terminat ions  of Allison et al. 
(1985).
The predissociation l inewidth measurements  presented here for the (1-0) to 
(19-0) bands  are the most extensive and the most accurate current ly available.
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Systematic variation of linewidth with rotation has been unambiguously 
demonstrated for the first time. A theoretical predissociation model based on the 
work of Julienne (1976), with interaction between the 13 3U'  state and the four 
repulsive states 7%, ‘7% and ' / /  , has produced excellent agreement with the
observed vibrational and rotational variation of linewidth. The main contribution to 
the observed rotational dependence of linewidth appears to be from centrifugal dis­
tortion of the oxygen molecule.
The electronic spin-orbit matrix element A(r), the crossing point rx and the 
slope M x of the repulsive potential at  the crossing point with the B  3Z'J potential 
have been determined for all four repulsive states from the linewidth measurements. 
These repulsive state parameters are the most accurate currently available and agree 
reasonably well with the assumed values of Julienne (1976). It should be stressed 
that  the predictions of the theoretical predissociation model of Julienne and Krauss 
(1975) and especially Julienne (1976) were remarkably accurate considering the 
paucity of experimental data  available at  that  time, and the reliance on ab ini t io  
estimates for most parameter  values.
Polynomial fits to the best fit model rotational linewidths of this work have 
been presented, which should prove useful in atmospheric modelling applications.
The oscillator strengths  and predissociation linewidths of this work have been 
presented by Lewis ct al. (1986a, b).
8.3 The  S c h u m a n n -R u n g e  B an d s  of  180 2 and 1C0 180
Extensive high resolution photoabsorption measurements have been made on 
the Schumann-Runge bands of 180,, and 160 180 .  Oscillator strengths and predis­
sociation linewidths have been determined for as many rotational lines as possible.
Experimental oscillator strengths have been presented for the (2-0) to (19-0) 
and (5-1) to (15-1) bands of 180 2 and the (2-0) to (15-0) bands of lp0 180 .  Of
these bands, only the (2-0) to (11-0) bands of 180,2 have been measured previously 
(Halmann and Laulicht (1965) and Hal man n (1966)). The measured oscillator 
strengths were found to be in excellent agreement with theoretical predictions based 
on our dipole moment  and potential curves for lf,0 2. The measured band oscillator 
s trengths  for all three isotopes have been compared to these theoretical predictions 
in Fig. 8-1. All values are seen to be within 10% of theory, writh most values be­
ing considerably closer. The small systematic differences apparent  in the 180 2 
s trengths  are of the same order as the experimental scatter and it is difficult to 
draw any conclusions about them. The band oscillator strength as a function of 
vibration has been plotted in Fig. 8-2 for all three isotopes and, as expected, the 
strengths  for the heavier isotopes lie below those of 160 2>
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The dipole moment  has been determined from the measured oscillator strengths 
for all three isotopes. The results have been compared in Fig. 7-33 and are seen to 
agree within the ~ 3% uncertainty in their determination. Therefore, on the basis 
of the present results, the O., dipole moment appears to be unchanged by isotopic 
substitution over the range of internuclear distance covered.
Predissociation lincwidths have been presented for the first time for the (2-0) 
to (19-0) bands of 180 o and the (2-0) to (15-0) bands of 160 180 .  The observed 
variation of predissociation linewidth with both vibration and rotation was found to 
be in excellent agreement with the predictions of the predissociation model developed 
for 160 2. The measured rotationless predissociation linewidths are shown in Fig. 8-3 
as a function of vibration for all three isotopes. While there are similarities in the 
three vibrational dependences, there is no simple systematic shift between the 
isotopes as there was for the oscillator s trengths in Fig. 8-2. This is a result of the 
predissociation broadening being the sum of the interactions with four repulsive 
states rather than one and also the complex variation with vibration of each of the 
four partial widths. Since each repulsive s ta te  crosses the B  s ta te in the neigh­
bourhood of different vibrational levels, their combined effect on predissociation 
could not be expected to show a simple isotopic shift,.
The agreement between the predicted and observed vibrational and rotational 
linewidth dependences in both 180 9 and 1(i0 180  further supports the predissociation 
model described for H'0., which was used to make the theoretical predictions for the 
isot opes.
The measurement  of line positions, oscillator strengths and predissociation 
linewidths for ie0 180  has facilitated their inclusion in the 0 9 absorption model used 
in the data  analysis of this work, with a consequent improvement  in the accuracy of 
the model. The measurements  also allow some comment  on the disagreement be­
tween Cicerone and McCrumb (1980) and Blake ei al. (198*4) on the relative impor­
tance of absorption by 1(>0 180  in the atmosphere. Briefly, Cicerone and McCrumb 
(1980) suggested that  the isotopic shift of absorption lines in the SR bands of 
1()0 180 ,  together with the doubling in the number of lines, meant  that  many lines 
occurred in absorption windows of 160 o and would therefore increase overall a tmos­
pheric absortion at  SR wavelengths by absorbing radiation in these 160 2 w’indow 
regions. They made simple assumptions about  the absorption spectrum of 160 180  
based on the line position measurements  of Hecht et al. (1975) and calculated tha t  
the 16ü 180  dissociation rate contributed of the order of 30% of the total 0 0 dis­
sociation in the upper atmosphere. Blake et al. (1984) constructed a line by line 
model of the cross section in the SR band system by calculating the theoretical line
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F ig u r e  8 -1 :  The measured band osc il la to r  s trengths / ( v ’ ) o f th is  work
d iv ided by the theo re t ica l ly  predicted values f  h[v' ).
F i g u r e  8 -2 :  The measured band osc il la to r  s trengths o f  th is  w ork  (symbols)
compared w i th  the theore t ica l p red ic t ions (lines) for all three 
isotopes s tudied.
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F ig u re  8 -3 : Measured FVVHM  p red issoc ia tion  lin e w id th s  ex tra po la ted  to
zero ro ta tio n  fo r the three  iso top ic  0-, species s tud ied .
sh ifts , o s c illa to r s tren g th  v a ria tio n s  and p red issoc ia tion  lin e w id th  changes in 160 180  
and co m b in ing  these p red ic tions  w ith  the know n param eters fo r l6O r  They de te r­
m ined th a t the 160 180  d issoc ia tion  ra te  c o n tr ib u tio n  to  the  overa ll o ve ra ll O 0 
pho tod issoc ia tion  was an o rder o f m agn itude  less than  the e s tim a te  o f C icerone and 
M cC ru m b  (1980). The present resu lts , w h ile  they may d iffe r in fine d e ta il, 
genera lly agree wdth the p re d ic tio ns  o f B lake el al. (1984) on the  iso top ic  v a ria t io n  
o f the va rious abso rp tion  line  param eters. There  has c e rta in ly  been no m a jo r d if­
ference found between the present m easurem ents and the p re d ic tio ns  o f B lake et al. 
(1984), on w h ich  th e ir  a tm ospheric  ca lcu la tio ns  were based. The less rigorous 
m ethod o f C icerone and M c C ru m b  (1980), however, was found to  con ta in  tw o  m a jo r 
inaccuracies w hich  w 'ould c o n tr ib u te  to  an o ve res tim a tio n  o f the a tm ospheric  absorp­
tio n  by 160 180 .  F irs t ly ,  they overlooked the fact th a t w h ile  160 180  has tw ice  as 
m any ro ta tio n a l lines as 16O n, these lines have o idv about h a lf the s tre n g th , since 
the B o ltzm ann  p o p u la tio n  o f the in d iv id u a l ro ta tio n a l levels is a p p ro x im a te ly  halved 
due to  the d o u b lin g  o f the to ta l num ber o f states. Secondly, they assumed th a t 
there  wras neg lig ib le  overlap  between the 160 180  bands and ieO^ bands o f d iffe re n t
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v ' . This assumption was based on the observation that , of the 89 160 180  line posi­
tions listed by llecht et al. (1975), only two overlapped with 160 0 bands of lower 
v ' . The investigation of line positions by Hecht et al. (1975) was, however, by no 
means comprehensive and the difficulties caused by the overlapping of 160 0 and 
160 180  lines limited their determination of line positions to such an extent that  
they did not analyse 160 180  bands with e '>10 .  Since the separation of band
origins decreases significantly with increasing v ' ,  the overlap of isotopic bands of dif­
ferent v'  increases for higher v '  bands as can be seen by comparing the band 
origins for 160 o and 160 180  in Appendix A. The assumptions on which the predic­
tions of Cicerone and McCrumb (1980) were based, are thus seen to be faulty and 
they would certainly result in an overestimation of the absorption by 160 180  in nor­
mal atmospheric oxygen.
The present 160 180  results, supplemented by theoretical predictions in the 
areas of greatest uncertainty (particularly the higher v'  bands), should allow line by 
line calculations of photoabsorption by 160 180  in the atmosphere. On the basis of 
the above discussion it is expected that  such calculations will give results closer to 
the estimates of Blake et al. (1984) than to those of Cicerone and McCrumb (1980).
The experimental information on the Schumann-Runge bands of 160 180  and 
180., would be considerably enhanced by a high resolution photographic study to 
determine line positions and the corresponding spectroscopic constants more ac­
curately.
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APPENDIX A
SPECTROSCOPIC CONSTANTS
A . l  160 2
Spectroscopic constants (cm'1) for the B state of 160 o obtained from the 
wavenumber measurements of Yoshino et al. (1984). The errors are 3a, determined 
from the fitting procedure, and the constants in parentheses were interpolated or ex­
trapolated and then forced into the fit. Values of D for i f  = 0-9 were taken from 
Creek and Nicholls (1975) and forced into the fit.
v ' B DxlO6 X
- u o - U jX lO 5
0 4 9 3 5 8 . 0 1 ± 0 . 22 0 . 8 1 3 4 + 0 . 0 0 0 1 4 . 6 6 1 . 8 0 + 0 . 3 0 0 . 0 3 3 + 0 . 0 0 6 ( 0 . 0 )
1 5 0 0 4 5 . 4 5 + 0 . 1 7 0 .7 9 9 8 + 0 . 0 0 0 1 4 . 8 8 1 . 6 7 + 0 . 2 3 0 . 0 2 5 + 0 . 0 0 5 ( 0 . 0 )
2 5 0 7 1 0 . 7 3 + 0 . 2 3 0 . 7 8 5 6 1 0 . 0 0 0 1 5 . 0 9 1 . 7 4 1 0 . 3 1 0 . 0 2 9 - 0 . 0 0 5 ( 0 . 0 )
3 5 1 3 5 1 . 9 9 ± 0 . 08 0 . 7 7 0 6 1 0 . 0 0 0 2 5 . 3 5 ( 1 . 7 8 ) ( 0 . 0 3 0 ) ( 0 . 0 )
4 5 1 9 6 9 . 3 6 ± 0 . 32 0 . 7 5 5 0 1 0 . 0 0 0 7 5 . 9 7 ( 1 . 8 1 ) ( 0 . 0 3 0 ) ( 0 . 0 )
5 5 2 5 6 1 . 0 6 ± 0 . 1 9 0 . 7 3 8 0 1 0 . 0 0 0 3 6 . 2 6 ( 1 . 8 5 ) ( 0 . 0 3 1 ) ( 0 . 0 )
6 5 3 1 2 2 . 5 5 ± 0 . 16 0 . 7 2 0 6 1 0 . 0 0 0 3 7 . 1 2 ( 1 . 8 8 ) ( 0 . 0 3 1 ) ( 0 . 0 )
7 5 3 6 5 6 . 1 U 0 . 1 5 0 . 7 0 0 2 1 0 . 0 0 0 3 7 . 7 5 ( 1 . 9 2 ) ( 0 . 0 3 2 ) ( 0 . 0 )
8 5 4 1 5 6 . 0 8 1 0 . 1 4 0 . 6 7 8 5 1 0 . 0 0 0 3 8 . 7 8 ( 1 . 9 5 ) ( 0 . 0 3 2 ) ( 0 . 0 )
9 5 4 6 2 2 . 0 8 1 0 . 2 2 0 . 6 5 4 U 0 . 0 0 0 2 9 . 1 6 1 . 9 8 1 0 . 2 4 0 . 0 3 3 ^ 0 . 0 0 3 ( 0 . 0 )
10 5 5 0 5 0 . 9 7 1 0 . 1 3 0 . 6 2 6 9 1 0 . 0 0 0 8 1 0 . 3 ± 0 . 2 2 . 1 0 * 0 . 0 9 0 . 0 3 4 - 0 . 0 0 1 ( 0 . 7 )
11 5 5 4 3 9 . 0 5 1 0 . 2 0 0 . 5 9 6 6 1 0 . 0 0 0 5 1 1 . 2 1 0 . 5 2 . 1 2 1 0 . 1 6 0 . 0 4 0 ^ 0 . 0 0 2 ( 1 . 4 )
12 5 5 7 8 4 . 5 6 1 0 . 0 6 0 . 5 6 2 7 1 0 . 0 0 0 2 1 3 . 8 ± 0 . 2 2 . 3 3 1 0 . 0 5 0 . 0 5 3 3 1 0 . 0 0 0 4 2 . 3 2 1 0 . 0 2
13 5 6 0 8 5 . 4 4 i 0 . 03 0 . 5 2 4 2 1 0 . 0 0 0 1 1 6 . 3 1 0 . 1 2 . 4 8 1 0 . 0 2 0 . 0 8 3 4 1 0 . 0 0 0 3 2 . 4 5 1 0 . 0 3
14 5 6 3 4 0 . 4 4 1 0 . 0 4 0 . 4 8 3 3 1 0 . 0 0 0 1 2 0 . 9 1 0 . 1 2 . 8 U 0 . 0 3 0 . 1 1 4 8 1 0 . 0 0 0 4 4 . 1 3 1 0 . 0 3
15 5 6 5 5 0 . 6 2 i 0 . 0 6 0 . 4 3 9 6 1 0 . 0 0 0 2 2 6 . 0 1 0 . 1 3 . 2 7 1 0 . 0 4 0 . 1 6 5 3 1 0 . 0 0 0 6 6 . 3 3 1 0 . 0 5
210
A . 2 180 3
Preliminary spectroscopic constants (cm'1) for the B  3 IT state of 180 2 obtained 
from the wavenumber measurements of the present work for 2 < v ' < l l  and from 
Howard and Tilford (1970) for 1 2 < v ' < 1 9 .  The errors are 3a, determined from the 
fitting procedure. The values in parentheses have been calculated from the 160 2 
constants or are extrapolated or interpolated values.
v ■ "o B D  x 10s
X -"o - l » j  x 10s
0 (49383.00) (0.7226) (3.6) (1.74) (0.029)
(0.0)
1 (50032.28) (0.7113) (3.6) (1.74) (0.029)
(0.0)
2 50661.28 ± 0.17 0.7006 ±  0.0007 (4 0 ) (1.74) (0.029)
(0.0)
3 51269.67 ± 0 .1 4 0.6881 ± 0.0004 (4.14) (1.77) (0.030)
(0.0)
4 51856.86 ± 0.31 0.6749 ± 0.0009 (4.71) (1.80) (0.030)
(0.0)
5 52421.98 ± 0.46 0.6616 ± 0.0012 (4.87) (1.83) (0.031)
(0.0)
6 52961.37 ± 0.21 0.6449 ± 0.0005 (5.44) (1.86) (0.031)
(0.0)
7 53475.36 ± 0.34 0.6297 ± 0.0007 (5.83) (1.91) (0.032)
(0.0)
8 53961.04 ± 0.20 0.6124 ± 0.0004 (6.63) (1.94) (0.032)
(0.0)
9 54418.10 ±  0.15 0.5921 ± 0.0003 (6.71) (1.96) (0.033)
(0.0)
10 54841.69 ±  0.15 0.5724 ± 0.0003 (7.37) (2.00) (0.033)
(0.5)
11 55232.11 ±  0.20 0.5474 ± 0.0004 (8.25) (2.07)
(0.037) (1.0)
12 55586.76 ±  0.16 0.5211 ± 0.0003 (10.2) (2.20) (0.040)
(2.0)
13 55901.79 ± 0 .1 0 0.4936 ± 0.0005 12.5 ±  0.5 2.35 ± 0.14 0.0506 ± 0.0085
(4.0)
14 56176.51 ± 0.12 0.4614 ± 0.0005 14.7 ±  0.7 2.67 ±  0.09 0.0594 ± 0.0027
5.66 ± 0.37
13 56410.66 ± 0 .1 1 0.4255 ± 0.0005 16.0 ±  0.6 2.94 ± 0.08 0.0918 ± 0.0022
6.25 ± 0.29
16 56605.30 ± 0.10 0.3878 ± 0.0005 19.1 i  0.9 3.23 ±  0.07 0.1479 ± 0.0034
4.93 ± 0.72
17 56763.71 ± 0 .1 4 0.3502 ± 0.0008 24.1 ±  1.2 4.07 ±  0.08 0.2085 ± 0.0022
8.22 ± 0.21
18 56889.96 ± 0.19 0.3091 ± 0.0008 22.8 ±  1.0 5.05 ± 0 .1 2 0.3006 ± 0.0050
10.81 ± 0.48
19 56989.12 ± 0.39 0.2716 ± 0.0019 26.4 ±  1.5 7.05 = 0.33 0.394 2 0.031
(12.0)
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A . 3 160 180
Preliminary spectroscopic constants (cm-1) for the B 3IT state of 160 180  ob­
tained from the wavenumber measurements of the present work. The errors are 3a, 
determined from the fitting procedure. The values in parentheses have been cal­
culated from the 160 0 constants or are estimated values.
u " -0 a D  » I 0 ‘ X •»*0 C j  x 10s
0 (4 9 3 6 9 .2 2 ) (0 .7 8 6 4 ) (4 .1 ) (1 .7 4 ) (0 .0 2 9 ) (0 .0 )
1 ( 5 0 0 3 8 .3 7 ) ( 0 .7 5 6 0 ) (4 .4 ) (1 .7 4 ) (0 .0 2 9 ) (0 .0 )
2 ( 5 0 6 8 6 .4 4 ) (0 .7 4 3 4 ) (4 .5 ) (1 .7 4 ) ( 0 .0 2 9 ) (0 .0 )
3 5 1 3 1 1 .6 3  ±  0 .2 9 0 .7 2 9 4  ±  0 .0 0 1 2 (4 .7 ) (1 .7 7 ) (0 .0 3 0 ) (0 .0 )
4 5 1 9 1 4 .2 6  ±  0 .5 5 0 .7 1 3 7  ±  0 .0 0 2 0 ( 5 .3 ) (1 .8 1 ) (0 .0 3 0 ) (0 .0 )
5 5 2 4 9 3 .0 0  ±  0 .3 7 0 .6 9 9 1  ±  0 .0 0 0 9 ( 5 .5 ) ( 1 .8 4 ) (0 .0 3 1 ) (0 .0 )
6 5 3 0 4 3 .2 6  t  0 .6 7 0 .6 8 5 5  ±  0 .0 0 1 7 (6 .2 ) ( 1 .8 8 ) (0 .0 3 1 ) (0 .0 )
7 5 3 5 6 7 .5 0  ±  0 .2 7 0 .6 6 5 4  ±  0 .0 0 0 7 (6 .7 ) ( 1 .9 1 ) (0 .0 3 2 ) (0 .0 )
8 5 4 0 6 0 .9 4  x  0 .3 1 0  6 4 5 7  ±  0 .0 0 1 0 (7 .8 ) ( 1 .9 4 ) (0 .0 3 2 ) (0 .0 )
9 5 4 5 2 2 .9 2  i  0 .21 0 .6 2 3 0  ±  0 .0 0 0 7 (7 .9 ) ( 1 .9 8 ) (0 .0 3 3 ) (0 .0 )
10 5 4 9 1 9  6 0  ± 0 .3 2 0 .6 0 1 2  ±  0 .0 0 1 2 (8 .8 ) (2 .0 5 ) ( 0 .0 3 4 ) (0 .6 )
11 5 5 3 3 8 .7 2  x  0 .6 3 0 .5 7 4 0  ±  0 .0 0 2 8 (9 .7 ) (2 .1 0 ) (0 .0 3 9 ) ( 1 2 )
12 5 5 6 8 9 .8 7  ±  0 .2 6 0 .5 4 2 5  ±  0 .0 0 1 0 ( 1 2 .0 ) (2 .2 5 ) ( 0 .0 4 7 ) (2 .1 )
13 5 5 9 9 8 .1 8  2 0 .2 3 0 .5 0 9 5  x  0 .0 0 0 9 ( 1 4 .4 ) (2 .4 2 ) (0 .0 6 7 ) (3  2 )
14 5 6 2 6 3 .7 8  x  0 .2 4 0 .4 7 2 9  ± 0 .0 0 0 7 ( 1 7 .8 ) ( 2 .7 4 ) ( 0 .0 8 7 ) (<9) -
IS 5 6 4 8 5 .7 2  x  0 .4 0 0 .4 3 5 0  ±  0 .0 0 1 7 ( 2 1 0 ) (3  11) ( 0 .1 2 9 ) (6 .2 )
16 5G G 68.00  x  0 .4 1 0 .3 8 9 3  x  0 .0 0 2 8 ( 2 4 .0 ) ( 3 .6 1 ) ( 0 .1 9 5 ) (8 .0 )
17 (5 6 8 1 3  0 9 ) ( 0 .3 1 8 9 ) ( 2 9 .0 ) (4 54) (0 .2 7 2 ) (10.0)
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APPENDIX B
UNDERLYING CONTINUUM MEASUREMENTS
B . l  M easu red  C o n tin u u m  Cross Sections
Experimental photoabsorption cross sections o KJ for 160 0 measured at selected
°absorption minima in the wavelength range 1750-1800 A at T— 295 K. Wing correc­
tions aw and resultant underlying continuum cross sections oy are also given. All 
cross sections are in units of 10'21cm2 and errors in oy can be deduced by assuming 
aM and ow to be accurate to b% and 20% respectively. Daggers signify that ob­
served but unclassified lines have been included in the wing correction calculation in 
order to match the observed spectrum.
X .  A
° W ° T
X ,  A
° M ° W ° T
1 7 5 0 . 0 5 2 5 6 0 2 5 6 1 7 6 6 . 0 3 + 2 8 6 2 2
1 7 5 0 . 3 0 2 5 6 0 2 5 6 1 7 6 6 . 6 2 + 2 5 5 2 0
1 7 5 0 . 4 0 2 4 9 0 2 4 9 1 7 6 7 . 2 0 2 7 16 11
1 7 5 0 . 6 0 2 4 4 0 2 4 4 1 7 6 8 . 0 1 + 1 7 4 1 3
1 7 5 0 . 7 0 2 4 6 0 2 4 6 1 7 6 8 . 1 8 1 8 6 1 2
1 7 5 0 . 8 0 2 3 4 0 2 3 4 1 7 6 8 . 9 9 3 3 21 1 2
1 7 5 1 . 0 3 2 2 3 0 2 2 3 1 7 6 9 . 5 9 31 1 9 12
1 7 5 1 . 2 0 2 2 2 0 2 2 2 1 7 6 9 . 7 3 2 8 1 6 1 2
1 7 5 1 . 5 0 2 0 6 0 2 0 6 1 7 7 0 . 0 3 31 2 0 11
1 7 5 1 . 6 7 1 8 9 0 1 8 9 1 7 7 0 . 1 8 2 8 . 8 1 9 . 7 9 . 1
1 7 5 1 . 8 3 1 8 9 0 1 8 9 1 7 7 0 . 6 2 1 6 . 1 8 . 0 8 . 1
1 7 5 2 . 5 4 1 8 3 2 1 81 1 7 7 1 . 1 4 1 5 . 5 6 . 8 8 . 7
1 7 5 2 . 9 0 1 8 0 2 8 1 5 2 1 7 7 1 . 8 8 1 1 . 6 3 . 9 7 . 7
1 7 5 3 . 2 3 + 1 5 9 6 1 5 3 1 7 7 2 . 4 0 1 4 . 1 5 . 6 8 . 5
1 7 5 3 . 6 0 + 1 5 9 1 0 1 4 9 1 7 7 3 . 0 8 9 . 9 1 . 7 8 . 2
1 7 5 4 . 0 0 1 71 2 8 1 4 3 1 7 7 3 . 3 3 9 . 5 2 . 1 7 . 4
1 7 5 4 . 1 5 1 2 9 6 1 2 3 1 7 7 4 . 0 1 7 . 0 1 . 2 5 . 8
1 7 5 4 . 5 3 1 2 3 1 2 1 11 1 7 7 4 . 7 6 8 . 2 2 . 8 5 . 4
1 7 5 4 . 7 3 + 1 1 8 3 , 1 1 5 1 7 7 6 . 1 5 1 1 . 4 6 . 3 5 . 1
1 7 5 5 . 5 2 + 1 21 11 1 1 0 1 7 7 6 . 7 0 8 . 2 3 . 0 5 . 2
1 7 5 6 . 0 3 + 1 0 5 2 3 8 2 1 7 7 7 . 0 0 7 . 8 2 . 3 5 . 5
1 7 5 6 . 3 9 + 9 4 21 7 3 1 7 7 8 . 2 5 + 6 . 4 2 . 3 4 . 1
1 7 5 6 . 8 0 9 8 1 7 81 1 7 7 9 . 0 0 + 5 . 5 1 . 4 4 . 1
1 7 5 7 . 0 8 8 4 6 7 8 1 7 8 0 . 2 4 + 5 . 0 1 . 3 3 . 7
1 7 5 7 . 7 0 8 6 1 0 7 6 1 7 8 0 . 4 7 4 . 0 0 . 5 3 . 5
1 7 5 8 . 0 3 8 5 1 4 71 1 7 8 1 . 1 2 + 5 . 5 2 . 0 3 . 5
1 7 5 8 . 2 5 + 6 3 8 5 5 1 7 8 1 . 2 3 + 4 . 6 0 . 7 3 . 9
1 7 5 8 . 4 0 + 6 5 1 2 5 3 1 7 8 1 . 4 7 4 . 1 0 . 9 3 . 2
1 7 5 9 . 0 6 7 5 2 3 5 2 1 7 8 2 . 1 5 4 . 7 1 . 0 3 . 7
1 7 5 9 . 5 3 6 8 14 5 4 1 7 8 2 . 5 0 5 . 3 1 . 7 3 . 6
1 7 5 9 . 7 4 7 2 1 9 5 3 1 7 8 2 . 8 5 7 . 3 5 . 1 2 . 2
1 7 6 0 . 1 1 7 4 1 8 5 6 1 7 8 3 . 9 2 5 . 8 3 . 4 2 . 4
1 7 6 0 . 4 6 + 5 2 7 4 5 1 7 8 4 . 5 6 6 . 1 4 . 1 2 . 0
1 7 6 1 . 0 3 + 5 5 1 8 3 7 1 7 8 5 . 0 3 + 5 . 2 3 . 0 2 . 2
1 7 6 1 . 4 8 + 3 9 2 3 7 1 7 8 5 . 5 7 4 . 4 2 . 5 1 . 9
1 7 6 1 . 8 6 4 6 1 0 3 6 1 7 8 5 . 6 6 4 . 5 1 . 9 2 . 6
1 7 6 2 . 2 8 41 6 3 5 1 7 8 6 . 8 3 3 . 3 1 . 0 2 . 3
1 7 6 2 . 6 3 + 3 8 3 3 5 1 7 8 7 . 7 3 3 . 8 1 . 8 2 . 0
1 7 6 2 . 9 7 4 2 7 3 5 1 7 8 8 . 1 2 3 . 0 1.1 1 . 9
1 7 6 3 . 7 8 4 4 1 6 2 8 1 7 8 9 . 1 8 2 . 7 0 . 8 1 . 9
1 7 6 4 . 5 7 + 3 9 1 8 21 1 7 8 9 . 8 8 + 2 . 6 0 . 8 1 . 8
1 7 6 4 . 9 5 4 2 1 7 2 5 1 7 9 0 . 1 6 2 . 4 0 . 6 1 . 8
1 7 6 5 . 3 1 + 3 7 1 5 2 2 1 7 9 1 . 8 5 3 . 0 1 . 2 1 . 8
1 7 6 5 . 5 5 + 31 12 1 9
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Exper im en ta l pho toabsorp t ion  cross sections a^f for 160 .7 measured a t selected
O
absorp t ion  m in im a  in the wave length  range 1750-1800 A at T — 83 K. W in g  correc­
t ions  aw and resu ltan t unde r ly ing  c o n t in u u m  cross sections oT are also given. A l l  
cross sections are in un its  o f lO '^ c m "  and errors in a T can be deduced by assuming 
and aw to  be accurate to  5% and 20% respective ly. Daggers s ign ify  th a t  ob­
served bu t unclassified lines have been inc luded in the w ing  correct ion  ca lcu la t ion  in 
order to  m atch  the observed spectrum .
X ,  A
g M ° W a T
X , A
a M C W a T
1 7 4 9 . 9 2 2 3 2 0 2 3 2 1 7 5 8 . 2 8 + 7 . 9 6 . 4 1 . 5
1 7 5 0 . 1 1 2 3 0 0 2 3 0 1 7 6 0 . 4 7 + 8 . 9 7 . 9 1 . 0
1 7 5 0 . 2 1 2 2 4 0 2 2 4 1 7 6 1 . 5 5 + 4 . 1 2 . 9 1 . 2
1 7 5 0 . 2 5 2 1 4 0 2 14 1 7 6 2 . 2 9 4 . 8 4 . 2 0 . 6
1 7 5 0 . 3 2 2 0 9 0 2 0 9 1 7 6 2 . 6 1 3 . 3 2 . 4 0 . 9
1 7 5 0 . 4 8 1 96 0 196 1 7 6 6 . 6 5 2 . 6 1 . 8 0 . 8
1 7 5 0 . 5 7 1 96 0 1 96 1 7 6 6 . 9 2 2 . 3 1 . 7 0 . 6
1 7 5 0 . 7 3 1 60 0 1 60 1 7 7 1 . 6 9 2 . 4 1 . 8 0 . 6
1 7 5 0 . 9 6 1 40 1 139 1 7 7 2 . 0 1 1 . 8 0 1 . 3 1 0 . 4 9
1 7 5 1 . 1 9 146 1 1 45 1 7 7 2 . 4 7 1 . 2 2 0 . 7 3 0 . 4 9
1 7 5 1 . 4 2 136 3 1 33 1 7 7 3 . 1 0 1 . 0 2 0 . 5 1 0 . 5 1
1 7 5 1 . 5 1 126 5 121 1 7 7 8 . 2 0 1 . 4 6 0 . 7 3 0 . 7 3
1 7 5 1 . 6 5 8 8 15 73 1 7 7 8 . 9 7 0 . 9 5 0 . 3 5 0 . 6 0
1 7 5 2 . 3 5 8 8 11 77 1 7 7 9 . 5 0 0 . 9 4 0 . 3 9 0 . 5 5
1 7 5 2 . 4 7 81 3 7 8 1 7 7 9 . 7 0 0 . 9 3 0 . 3 6 0 . 5 7
1 7 5 2 . 6 3 80 33 47 1 7 8 0 . 4 7 0 . 6 5 0 . 1 4 0 . 5 1
1 7 5 2 . 9 1 81 41 4 0 1 7 8 1 . 2 4 0 . 6 1 0 . 1 6 0 . 4 5
1 7 5 3 . 25+ 54 15 39 1 7 8 1 . 5 2 0 . 7 4 0 . 2 2 0 . 5 2
1 7 5 3 . 6 2 t 56 15 41 1 7 8 1 . 9 5 0 . 8 8 0 . 3 0 0 . 5 8
1 7 5 4 . 1 7 30 9 21 1 7 8 5 . 5 6 1 . 2 8 0 . 9 4 0 . 3 4
1 7 5 4 . 5 5 31 2 0 11 1 7 8 6 . 2 6 1 . 5 4 1 . 0 4 0 . 5 0
1 7 5 4 . 76+ 22 6 16 1 7 8 6 . 6 1 1 . 3 5 0 . 9 3 0 . 4 2
1 7 5 4 . 9 2 + 23 8 15 1 7 8 6 . 9 0 0 . 6 2 0 . 3 8 0 . 2 4
1 7 5 5 . 5 2 + 2 4 10 14 1 7 8 7 . 6 0 0 . 6 1 0 . 3 9 0 . 2 2
1 7 5 6 . 3 7 2 4 . 1 1 9 . 3 4 . 8 1 7 8 8 . 2 1 0 . 4 3 0 . 2 1 0 . 2 2
1 7 5 6 . 8 0 2 4 . 9 1 6 . 9 8 . 0 1 7 8 9 . 0 4 0 . 6 5 0 . 4 1 0 . 2 4
1 7 5 7 . 1 0 1 1 . 5 8 . 3 3 . 2 1 7 8 9 . 1 8 0 . 5 5 0 . 2 1 0 . 3 4
1 7 5 7 . 4 1 1 5 . 7 1 0 . 4 5 . 3 1 7 8 9 . 8 9 0 . 5 8 0 . 2 4 0 . 3 4
1 7 5 7 . 7 2 + 1 4 . 4 7 . 8 6 . 6 1 7 9 0 . 1 4 0 . 6 2 0 . 2 4 0 . 3 8
1 7 5 8 . 1 4 1 3 . 0 1 1 . 1 ' 1 . 9 1 7 9 0 . 6 4 0 . 8 2 0 . 4 0 0 . 4 2
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B .2  T hreshold  W ave len g th s
Measured threshold wavelengths A  ^ for t/'-O and N"= 1 to 29. Also shown 
are energies F' of the centrifugal barrier in the D 3 IF state inferred from A  ^ as­
suming ground state energy levels = for N ”= \  and F"=(F"+F^)/2 for N" > 3 
using the F values of Veseth and Lofthus (1974). A comparison has been made 
with barriers calculated using a dissociation limit D = 57136.0 cm'1 and the AF' 
values of Table 4-1. The errors in F' may be taken as equal to those in i/ the
measured threshold wavenumbers.
N "=J ' x t h , A v t h ’ cm 1 F " ,  c m '1 F 1, cm’ 1 D+aF ' , cm-1
1 1750 .244 5 7 1 3 4 .9  ± 0 . 5 1 .0 57135 .9 5 7136 .0
3 1750 .667 5 7 121 .1  ± 0 . 5 15 .2 57136 .3 57136 .2
5 1751 .455 57 0 9 5 .4  ± 0 . 5 4 1 .1 57136 .5 57136 .7
7 1752.72 57 0 5 4 .2  ± 4 7 8 .5 57133 57137 .6
9 1754.1 57 0 0 9 .3  ± 4 127.4 57137 5 7139 .1
11 1755 .8 5 6954 .1  ± 8 187.7 57142 57141 .1
13 1758.1 5 6 879 .6  ± 5 2 5 9 .5 57139 57143 .9
15 1760.46 56 8 0 3 .3  ± 5 3 4 2 .8 57146 5 7 147 .5
17 1763 .6 5 6702 .2  ± 10 4 3 7 .5 57140 5 7152 .0
19 1766 .9 56 5 9 6 .3  ± 10 543 .6 57140 57157 .7
21 1770.1 5 6 4 9 4 .0  ± 5 6 6 1 .1 57155 57164 .9
23 1773 .5 56 3 8 5 .7  ± 10 790 .1 57176 57173 .9
25 1777 .7 56 2 5 2 .5  ± 10 9 3 0 .5 57183 5 7 184 .5
27 1782 .7 56 0 9 4 .7  ± 10 1082.1 57177 5 7 1 9 6 .8
29 1787 .2 5 5 9 5 3 .4  ± 10 1245.2 57199 5 7 2 1 0 .8
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B.3 Extrapolat ion of Band Origins
Difference tab le  for the 160 2 Schum ann-Runge band orig ins w i th  v '= 1 5  to  22. 
Bracketed values were ex trapo la ted .
v’ G' - a 2G' a 3G'
56550.70 + 0.05
56719.56 + 0.05
56852.56 + 0.1
56954.57 + 0.1
57030.29 + 0.1
57082.89 + 0.1
57114.81 + 0.1
57130.7 + 0.8
168.86 + 0.1
133.00 + 0.15
102.01 + 0.2
75.72 + 0.2
52.60 + 0.2
31.92 + 0.2
15.9 + 0.9
(3.9)
(-4.1)
35.86 + 0.25
30.99 + 0.35
26.29 + 0.4
23.12 + 0.4
20.68 + 0.4
16.02 + 1.1
( 1 2 . 0 ) 
( 8.0)
4.9 + 0.6
4.7 + 0.8
3.2 + 0.8
2.4 + 0.8
4.7 + 1.5
(4.0)
(4.0)
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B .4  M e a s u r e d  C ross  S e c t io n  S tep s
Measured Schumann-Runge cross section steps Aa as a function of ground 
state rotation for temperatures T —83 K and T— 295 K. Absolute threshold cross 
sections a h calculated according to the relation a th—Aa /  cx where a v_ is the
Boltzmann factor, are also given together with errors arising from the measurement 
inaccuracies in Aa.
T = 8 3 K T = 2 9 5 K
N" A a , 1 0 _ 2 0 c m 2
a N" a t h ’ 1 0 ' l 9 c m 2
. - 2 0  ?  
A a , 1 0  c n r
a N"
o t h , 1 0 _ 1 9 c m 2
1 3 . 2 0 . 1 4 1 2 . 3  ±  0 . 5 1 . 0 0 . 0 4 1 4 2 . 4  ± 0 . 5
3 4 . 9 0 . 2 5 6 1 . 9  ±  0 . 4 2 . 2 0 . 0 8 9 9 2 . 4  ±  0 . 5
5 5 . 8 0 . 2 5 7 2 . 3  ± 0 . 5 3 . 2 0 . 1 2 5 2 . 2  ±  0 . 3
7 3 . 6 0 . 1 8 4 2 . 0  ± 0 . 3 2 . 8 0 . 1 4 2 2 . 0  ± 0 . 3
9 2 . 1 0 . 1 0 0 2 . 1  ± 0 . 6 2 . 8 0 . 1 4 1 2 . 0  ± 0 . 3
11 0 . 7 0 . 0 4 2 1 . 7  ± 0 . 7 2 . 8 0 . 1 2 7 2 . 2  ± 0 . 3
1 3 0 . 3 0 . 0 1 4 2 . 1  ± 0 . 7 1 . 8 0 . 1 0 5 1 . 7  ± 0 . 3
1 5 1 . 4 0 . 0 8 1 1 . 7  ± 0 . 3
1 7 1 . 1 0 . 0 5 7 1 . 9  ± 0 . 2
1 9 0 . 7 5 0 . 0 3 8 2 . 0  ± 0 . 3
21 0 . 3 5 0 . 0 2 4 1 . 5  ± 0 . 2
2 3 0 . 2 2 0 . 0 1 4 1 . 6  ±  0 . 2
2 5 0 . 1 1 0 . 0 0 7 6 1 . 4  ± 0 . 4
2 7 ■ 0 . 0 9 0 . 0 0 3 9 2 . 3  ± 0 . 5
2 9 0 . 0 3 0 . 0 0 1 9 1 . 6  ±  0 . 6
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B .5  M easu red  Cross Sections above  1760 A
Cross sections <rM and pressure coefficients (da/dP) ^  at minima in the 
Schumann-Runge bands of 160 7 measured at T—295 K. Wing corrections a[V, 
[do/ dP)w, Schumann-Runge cross sections ae;R and nett results <Tp (da/dP)T are also 
given. All cross sections are in units of 10‘23cm2 and pressure coefficients are in 
units of 10'26cm2/torr. The nett pressure coefficients are also given in terms of 
number density as (do/dN)T in units of 10'43cm5/molecule.
A ( A ) °w °  T °SR © [* P 'w © )r
d a \
id  TV/ T
1762.6 335 232 103 ± 63 18 200 58 142 ± 25 1020 ± 200
1766.9 212 134 78 ± 40 1 128 26 102 ± 15 780 ± 125
1773.1 114 47 67 ± 15 0 81 15 66 ± 10 510 ± 85
1780.5 69 14 55 i 6 0 56 7 49 ± 5 390 ± 40
1788.2 47 20 27 ± 7 0 47 6 41 ± 5 320 ± 40
1800.4 36 33 3 i 9 0 22 2 20 ± 2 160 ± 20
1812.4 11.3 17.4 -6 ± 5 0 10 2 8 ± 1 66 ± 10
1824.8 12.7 7.3 5.4 ± 2.2 0 8.4 0.7 7.7 ± 1.0 62 ± 10
1826.3 14.1 7.5 6.6 ± 2.2 0 6.4 0.7 5.7 ± 1.5 46 ± 15
1838.8 7.7 6.2 1.5 ± 1.7 0 3.2 0.5 2.7 ± 1.0 22 ± 10
1841.0 9.1 6.2 2.9 ± 2.2 0 3.1 0.3 2.8 ± 1.0 22 ± 10
1856.7 3.0 3.3 -0.3 ± 1.3 0 1.8 0.2 1.6 ± 1.0 13 ± 8
1858.9 4.3 3.7 0.6 ± 1.2 0 2.1 0.2 1.9 ± 0.8 15 ± 7
1874.0 4.7 1.9 2.8 ± 1.2 0 1.4 0 .0 1.4 ± 1.0 12 ± 9
1875.7 3.5 1.8 1.7 ± 1.2 0 2.3 0 .0 2.3 ± 1.3 19 ± 11
1892.4 1.1 1.1 0.0 ± 0.8 0 1.2 0 .0 1.2 ± 0.9 10 ± 8
1894.4 1.9 0.8 1.1 ± 0.8 0 0.9 0.0 0.9 ± 0.9 7.5  ± 7.5
1914.7 1.1 0.4 0.7 0.7 0 0.9 0 .0 0.9 ± 0.9 7.5  ± 7.5
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Cross sections a v/ and pressure coefficients (da/dP) ^  at minima in the 
Schumann-Runge bands of 160 2 measured at T ~ 80 K. Wing corrections a lv, 
(do/dP)w, Schumann-Runge cross sections aSR and nett results aT [da/dP)T are also 
given. All cross sections are in units of 10'23cm2 and pressure coefficients are in 
units of 10'2:,cm2/to rr .  The nett pressure coefficients are also given in terms of 
number density as (d a /d N)T in units of 10'43cm5/molecule.
A ( A) °K1 ° w ° T a SR
1 (1(7
\ d /> ,
r
1 7 8 0 .5 4 0 3 4 9 3 5 4 i 3 0 2 2 9 1 8 8 1 2 3 6 5  4 4 3
1 7 9 0 .2 2 3 8 5 6 1 8 2 4 2 2 1 24 1 0 6 7 6 3 0  4 2 5
1 7 9 9 .5 2 4 8 1 2 5 1 23 4 4 0 9 6
1 8 0 1 .1 2 4 6 1 4 2 104 4 4 0 7 2 6 9 5 6 14 4 19
1 8 0 2 .4 2 4 8 1 4 5 1 03 4 4 0 5 6
1 8 1 2 .4 1 1 8 104 14 ± 2 6 12
1 8 1 4 .4 7 8 5 9 19 4 16 8 2 9 18 11 ± 7
1 8 2 4 .5 71 5 6 15 4 16 2
1 8 2 5 .1 7 8 5 2 2 6 4 14 2
1 8 2 7 .1 GO 3 8 2 2 4 11 1 2 6 17 9  ± 6
1 8 2 8 .8 3 9 2 3 16 4 6 1 24 11 13 i 4 31 ± 8
1 8 4 1 .1 2 8 19 9 4 5 0 1 2 .4 7 .0 5 .4  ± 2 .5 1 0  ± 8
1 8 4 3 .0 2 0 13 7 4 4 0 1 2 .0 4 .0 8 .0  ± 1 .6 2 0  i 5
1 8 5 8 .4 21 19 2 4 5 0 8 .8 3 .5 5 .3  ± 1 .5 13  ± 5
I8 G1.1 1 3 .3 1 2 .8 0 .5 4 3 .1 0 7 .3 2 .2 5 .1  ± 1 .0 13 ± 3
1 8 7 3 .2 2 0 .9 1 5 .4 5 .5 4 4 .0 0 1 0 .0 3 .0 7 .0  ± 1 .3 18  ± 4
1 8 8 0 .4 8 .4 5 .4 3 .0 4 1 .5 0 3 .8 1.1 2 .7  ± 0 .5 7 .3  1 1 .5
1 8 9 9 .4 2 .9 1 .9 1 .0 4 0 .5 0 2 .8 0 .3 2 .5  ± 0 .3 7 .3  4 1.0
1 9 1 8 .9 2 .2 1 .0 1 .2 4 0 .4  ’ 0 2 .7 0 .2 2 .5  ± 0 .4 7 .6  4 1.2
1 9 4 2 .9 1 .9 0 .8 1.1 4 0 .4 0 2 .2 0 .1 2 .1  ± 0 .4 6 .4  4 1 .2
1 9G9 .0 1 .0 0 .1 0 .9 i 0 .4 0 1 .5 0 .0 1 .5  ± 0 .4 4 .6  4 1 .2
1 9 8 1 .7 1.1 0 .0 1.1 4 0 .4 0 1.4 0 .0 1 .4  ± 0 .4 4 .3  4 1 .2
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APPENDIX C
160 SCHUMANN-RUNGE BANDS
2
C . l  Osci llator Strengths
Measured oscillator strengths f(v',M") x 10x for the R  branches of the (1-0) to 
(11-0) Schumann-Runge bands of 16Or
1.97*0.06
7.46*0.18
Measured oscillator strengths > 10^  for the P  branches ol the (1-0) to
(11-0) Schumann-Runge bands of ,60 0. Values in parentheses refer to measurements 
on unresolved lines which are not independent of the R branch values.
V 1 2 3 4 s 6 7 8 9 10 11
(1 .86*0.06)
3 1 3 .15?0.17) (7.00*0.06) (8 .22*0 .20 ) (2 .8310 .09 ) (8 .14*0.21) (1 .69*0 .05 ) (3.46*0.09) (6 .14*0.15) (9 .08*0 .30 ) (1 .44*0 .04 ) (2 .00*0 .04 )
5 3.7650.16 (7.06*0.06) (8 .10*0 .20 ) (2 .77*0.09) (7 .57*0 .15 ) (1 .74*0 .05 ) (3.69*0.09) (6 .30*0.18) (9 .72*0 .30 ) (1 .49*0 .04 ) (1 .97*0 .04 )
7 3.1850.16 (2.05*0.06) (8 .18*0 .20 ) (2 .82*0.09) (7 .40*0 .18 ) (1 .68*0 .05 ) (3 .48 -0 .09 (6.03*0.12) (9 .4 4 * 0 .3 0 ) (1 .52*0 .04 ) 2 .0 7 ,0 .0 4
9 2 .9710.18 (2.00*0.06) (8 .89*0 .20 ) (2.69*0.06) (7 .76*0 .18 ) (1 .67*0 .05 ) (3 .54*0.09) (6.57*0.15) 10.40*0.30 1 .5 5 t0 .0 4 2.08*0.04
11 3.0050.18 (2 .04*0 .06 ) (8 .35*0 .20 ) (2 .90*0.06) (7 .51*0 .24 ) (1 .74*0 .05 ) (3.55*0 09) (6.55*0.15) 9 .41*0 .30 1.45*0.04 1 .99 ,0 .04
13 3.1010.18 2.02*0.06 (8 .24*0.20) (2 .78*0.06) (7 .40*0 .24 ) (1 .66*0 .05 ) (3.61*0.09) (6 .05*0.18) 9.80*0.30 1.56*0.04 1 .90 ,0 .0 4
IS 3.1210.24 1.9710.10 (8 .36*0.20) (2 .79*0.06) (7 .56*0 .24 ) (1 .69*0 .05 ) (3.35*0.09) (6.20*0.15) 10.30*0.30 1 .5 8 ,0 .0 5 1 .98 ,0 .0 4
17 2.8710 .30 1.89*0.10 (8.43*0.25) (2.72*0.06) (7 .43*0.27) (1 .8 0 * 0 .0 5 ) (3 .37*0.09) (6.00*0.15) 9 .65*0.50 1.44*0.05 1 .9 1 ,0 .0 6
19 1.7410.10 7.7510.35 (2.69*0.06) (7 .27*0.27) (1 .55*0 .05 ) (3 .14*0.09) (5.71*0.15) 9 .0 6 ,0 .5 0 1 .3 4 ,0 .0 5 1 .9 4 ,0 .0 6
?1 1.7010.10 7.6350.35 (2 .55*0.09) (6 .78*0.77) (1 .65*0 .05 ) (3 .15*0.12) (5 .46*0.21) 9 .3 8 t0 .5 0 1.43*0.07
73 6.7310.35 (6 .22*0.27) (1 .60*0 .05 ) (3 .06*0.15) (5 .60*0.24) 1 .9 3 ,0 .1 0
25 1.7710.20 6 .7 H 0 .5 0 (1 .57*0 .05 ) (2 .90*0.15) 1 .4 0 ,0 .1 0 1 .8 7 ,0 .1 0
27 6.1010.60
29 1.39*0.1$ 1.71*0.20
31 1.21*0.1$
33 2.30*0.23 4 .7  i O.S
* 9 8 8 7 7 6 6 6 6 $ $
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Measured oscillator s t rengths  f [ v ’,N")  x 10* for the R  branches  of the (12-0) to 
(22-0) Schumann-Runge bands  of 160 2.
12 13 14 15 16 17 18 19 2 0 21 22
1 2 . 5 0 * 0 . 0 6 3 . 1 * 0 . 4
3 2 . 6 1 * 0 . 0 6 2 . 7 9 * 0 . 1 0 2 . 8 7 * 0 . 1 0 1 . 8 8 * 0 . 1 0 6 . 6 * 0 . 6
5 2 . 6 0 * 0 . 0 6 3 .1 0 * 0 . 1 0 2 . 4 0 * 0 . 1 0 1 . 4 0 : 0 . 0 6 0 . 9 9 : 0 . 1 0
7 2 . 5 3 i 0 . 0 6 2 . 8 6 * 0 . 1 0 2 . 8 1 * 0 . 1 5 2 . 8 2 * 0 . 1 0 2 . 9 1 i 0 . 1 0 1 . 5 8 * 0 . 1 0
9 2 . 5 0 * 0 . 0 6 2 . 6 9 * 0 . 1 0 2 . 8 3 ± 0 . 15 2 . 7 9 * 0 . 1 0 2 .5 1 * 0 . 1 0 2 . 0 6 : 0 . 1 0 0 . 8 8 * 0 . 1 0
11 2 . 3 6 * 0 . 0 6 2 . 6 7 ? 0 . 1 0 2 . 6 8 . 0 . I S 2 . 8 0 i 0 . 1 0 2 .3 3 * 0 . 1 0 1 . 4 0 * 0 . 1 0
13 2 . 5 7 f 0 . 0 6 2 . 5 5 * 0 . 1 0 2 .6 0 * 0 . 1 0 2 .6 1 * 0 . 1 0 0 . 4 9 : 0 . 1 5 4 .5 * 1 . 0
15 2 . 3 5 * 0 . 0 6 2 .4 6 * 0 . 1 0 2 . 3 7 * 0 . 1 0 2 . 0 0 * 0 . 1 0 1 . 2 8 * 0 . 1 5
17 2 . 1 7 * 0 . 0 6 2 . 3 4 ( 0 . 1 0
19 2 . 0 9 t 0 . 10 2 . 4 8 ( 0 . 1 5 1 . 6 1 * 0 . 1 0
21 2 .5 3 * 0 . 1 5 2 . 4 3 t 0 . 15 2 .0 5 * 0 . 1 5 1 . 5 5 * 0 . 1 5 1 . 3 5 * 0 . 2 0
23 1 . 9 9 * 0 . 2 0 2 . 0 1 * 0 . 2 0 2 .2 4 * 0 . 1 5 2 . 0 0 - 0 . 1 S 1 . 7 3 * 0 .1 5
2 5 1 . 8 5 t 0 . 2 0 2 . 0 0 t 0 . 2 0 1 . 8 3 * 0 . 2 0 1 . 4 6 * 0 . 2 0 1 . 0 4 * 0 . 2 0
2 7 1 .7 3 * 0 .2 0 2 . 1 7 ( 0 . 2 0 1 .6 2 * 0 .2 0
2 9 1 . 8 8 * 0 . 1 5
31 1 .4 0 * 0 .2 0
* s 5 s 5 5 5 5
5 S 6 6
Measured oscil lator s t rengths  V") * 10J for the P  branches  of the (12-0) to
(22-0) Schumann-Runge bands  of 160 0. Values in parentheses  refer to measurements 
on unresolved lines which are not independent  of the R  branch values.
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Measured oscillator s t rengths  f ( v ' , N" )  x 10z for the R  branches  of the (3-1) to 
(17-1) Schum ann-Runge bands of 160 0. Values in parentheses  refer to measurements  
on unresolved lines which are not independent  of the other values.
( 8 . 8610 . 30 )
Measured oscil lator s t reng ths  f ( v \ \ " )  x 10x for the P  branches  of the (3-1) to 
(17-1) Schum ann-Runge bands  of 1(' 0 o. Values in parentheses refer to measurements  
on unresolved lines which are not independent  of the R  branch values.
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C.2 R otat ion less  Osci l lator Strengths
Rotationless oscillator strengths /  and rotational dependences ß for the v" =  0 
Schumann-Runge bands of 160 o. The /  values marked with an asterisk were deter­
mined from the present measurements by assuming the ß values of Allison (1975). 
Also shown are the values of (1) Lewis et al. (1978, 1979), Gies et al. (1981); (2) 
Allison (1975).
V ' X T h i s  w o r k
f  ( v ‘ ) x  10 X
1 2 y T h i s  w o r k
ß ( v ' )  x  1 (P
1 2
1 9 3 . 09+ 0 . 1 5 3 . 3 0 13 7 . 2± 6 . 0 7 . 0
2 8 1 . 99± 0 . 0 6 2 . 0 3 12 3 . 8+ 2 . 0 4 . 4
3 8 8 . 44± 0 . 2 5 8 . 6 1 11 2 . 1+ 0 . 8 2 . 0
4 7 2 . 81± 0 . 0 9 2 . 8 6 11 5 . 2+ 1 . 8 6 . 9
5 7 7 . 76± 0 . 2 5 7 . 90+ 0 . 1 5 7 . 8 6 10 2 . 4 + 0 . 5 2 . 2± 0 . 6 2 . 0
6 6 1 . 71± 0 . 0 5 1 . 8 3 + 0 . 0 3 1 . 8 4 10 2 . 7± 1 . 0 6 . 1+ 0 . 8 4 . 8
7 6 3 . 60± 0 . 11 3 . 8 4 + 0 . 0 7 3 . 7 4 9 1 . 2± 0 . 2 1 . 5± 1 . 0 1 . 0
8 6 6 . 33 + 0 . 2 0 7 . 16+ 0 . 1 4 6 . 7 0 9 1 . 7+ 0 . 5 2 . 5± 2 . 1 1 . 8
9 6 9 . 68± 0 . 3 0 1 1 . 6+ 0 . 3 1 0 . 7 6 9 0 . 6 ± 1 . 5 3 . 1+ 0 . 2 3 . 0
10 5 1 . 52± 0 . 0 5 1 . 6 1 ± 0 . 0 4 1 . 5 8 9 3 . 7+ 1 . 2 7 . 8 + 0 . 6 4 . 9
11 5 2 . 02 ± 0 . 0 6 2 . 2 7 + 0 . 0 5 2 . 1 3 9 4 . 0± 2 . 0 8 . 6+ 1 . 5 7 . 3
12 5 2 . 60+ 0 . 0 8 2 . 9 1 + 0 . 0 5 2 . 6 6 8 1 . 1± 0 . 3 1 . 2± 0 . 2 1 . 0
13 5 2 . 8 7 ± 0 . 0 9 3 . 0 0 ± 0 . 0 7 3 . 0 6 8 1 . 0+ 0 . 6 1 . 0 ± 0 . 3 1 . 3
14 5 3 . 0 1 + 0 . 1 0 3 . 5 4 + 0 . 1 0 3 . 2 4 8 1 . 3+ 0 . 3 1 . 8 ± 0 . 3 1 . 6
15 5 2 . 9 1 + 0 . 1 0 3 . 2 3 + 0 . 0 7 3 . 1 7 8 1 . 2 + 0 . 3 2 . 0± 0 . 3 1 . 8
16 5 2 . 8 8 + 0 . 1 0 2 . 9 7 + 0 . 0 7 2 . 9 2 8 1 . 7 +0 . 3 2 . 4 + 0 . 5 1 . 8
17 5 2 . 4 6 ± 0 . 15 2 . 5 5 8 2 . 1+0 . 5 1 . 9
18 5 1 . 9 1 + 0 . 15* 2 . 0 8 8 1 . 8
19 5 1 . 56± 0 . 16 * 1 . 5 9 8 1 . 8
20 5 1 . 0 7 ± 0 . 11* 1 . 0 5 8 1 . 6
21 6 6 . 9  ± 0 . 7* 6 . 7 8 1 . 5
22 6 3 . 1  + 0 . 4 * *
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C.3 B and O scillator S tren gths
Mean band oscillator strengths /  for the (1-0) to (16-0) Schumann-Runge 
bands of 160 2. The values marked with an asterisk were deduced as described in 
Chapter 5. Also shown are the values of (1) Yoshino et al. (1983), Smith et al.
(1984); (2) Hudson and Carter (1968); (3) Lewis et al. (1978, 1979), Gies et al. 
(1981); (4) Allison (1975).
V ' X This work 1
^>
1
<
ro
 
— X
3 4
1 9 3 . 0 4 + 0 . 1 5 3 . 15± 0 . 32 3 . 1 9
2 8 1 . 9 4 + 0 . 0 6 1 . 8 9 ± 0 . 19 2 77+0-07-o.os 2 . 26 ± 0 . 0 5 1 . 9 7
3 8 8 . 14± 0 . 25 8 . 4 5 ± 0 . 4 2 7 51 + ^ - ^  
- 0 . 0 9 9 . 7  +0 . 2 8 . 3 3
4 7 2 . 74 ± 0 . 0 9 2 . 8 2 ± 0 . 14 3 0 4 + 0 - 02 
J - 0 . 0 3 2 . 6 5 ± 0 . 0 5 2 . 7 6
5 7 7 . 4 2 ± 0 . 2 5 7 . 4 2 +0 . 3 7 7 39+ 0 - 90 
'  - 0 . 5 0 7 . 7  z0 . 2 7 . 5 7
6 6 1 . 67 ± 0 . 0 5 1 . 6 2 ± 0 . 0 8 1 co+ 0 . 0 5  
h 6 2 - 0 . 0 3 1 . 74 ± 0 . 0 3 1 . 7 7
7 6 3 . 4 4 ± 0 . 11 3 . 4 3 +0 . 1 7 3 15+ 0 ‘ 10 
- 0 . 0 7 3 . 68 ± 0 . 1 0 3 . 5 9
8 6 6 . 0 8 ± 0 . 2 0 6 . 3 1 +0 . 3 2 r  70 + 0 . 0 4  
5 - 7 8 - 0 . 0 4 6 . 9 2 ± 0 . 20 6 . 4 3
9 6 9 . 65 ± 0 . 30 1 0 . 0  ± 0 . 5 10 4 + 8 , 8  
* - 2 . 0 1 1 . 3  + 0 . 5 1 0 . 3
10 5 1 . 4 7 +0 . 0 5 1 . 5 4 +0 . 0 8 ? fin+ 0 . 4 7  
2 , 6 0 - 0 . 2 0 1 . 5 2 +0 . 0 4 1 . 5 1
11 5 1 . 9 6 ± 0 . 0 6 2 . 2 6 ± 0 . 11
1 - 8 0 - 0 . 0 8 2 . 16+0 . 0 5 2 . 0 2
12 5 2 . 4 4 ±0 . 0 8 2 . 4 3 +0 . 1 2
^ ‘ Uy- 0 . 0 8 2 . 7 4 +0 . 0 6 2 . 5 1
13 5 2 . 7 3 +0 . 0 9 2 . 4 8 +0 . 2 5 * 2 6 9 + 8 ’ 88 
^ ' ° y - 0 . 2 0 2 . 8 7 +0 . 1 2 2 . 8 5
14 5 2 . 8 2 ± 0 . 10 2 . 79 ±0 . 2 8 * 3 . 2 1 +0 . 1 4 3 . 0 0
15 5 2 . 7 3 ± 0 . 10 2 . 9 4 ± 0 . 2 9 * 2 . 9 5 +0 . 1 2 2 . 9 1
16 5 2 . 6 3 ± 0 . 10 2 . 6 6 * 0 . 2 7 * 2 . 6 3 ±0 . 0 8 2 . 6 6
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Rotationless ( f Q) and mean ( / )  oscillator strengths for the (3-1) to (17-1) 
Schumann-Runge bands of lf>0 2. The f Q values marked with an asterisk were deter­
mined from the present measurements by assuming the ß  values of Allison (1975). 
Also shown are the values of (1) Allison (1975); (2) Hudson and Carter  (1968); (3) 
Halmann (1966).
V* X
/ o ( V )  
Th is  work
X
 
^
oX
Th i s  work
/ ( v ' )  x 10
2
X
3 1
3 6 1 . 8 1 ± 0 . 12* 1 .77 1 . 7 6 +0 . 1 2 1 . 8  ±0 . 5 1.72
4 6 5 . 2 0 ±0 . 25 * 5 . 35 5 . 0 3 ± 0 . 2 5 5 . 5 5 ± 1 . 11 5 . 1 7
5 5 1 . 2 5 ±0 . 0 7 1 . 34 1 . 2 4 ± 0 . 07 1 . 5  ±0 . 2 1 . 23±0 . 18 1 . 30
6 5 2 . 8 6 - 0 . 1 4 2 . 8 8 2 . 6 8 * 0 . 1 4 3 . 0  ±0 . 2 2 . 7 8
7 5 5 . 2 0 * 0 . 2 5 * 5 . 38 5 . 0 3 * 0 . 2 5 4 . 8  ±0 . 4 5 . 20
8 5 8 . 9 5 * 0 . 4 0 8 . 8 6 8 . 5 7 * 0 . 4 0 8 . 2  ±0 . 4 9 . 2 3
9 4 1 . 2 3 - 0 . 1 0 1.31 1 . 2 0 * 0 . 1 0 1 . 6  ±0 . 1 1 . 26
10 4 1 . 8 1 - 0 . 1 0 1.79 1 . 7 1 ± 0 . 10 1 . 97 ± 0 . 24 1.72
11 4 2 . 1 5± 0 .10* 2 . 2 7 2 . 0 5 * 0 . 1 0 2 . 2 1 * 0 . 2 0 2 . 1 6
12 4 2 . 7 7 - 0 . 1 4 * 2 . 6 6 2 . 6 1 * 0 . 1 4 2 . 76± 0 . 3 5 2 . 5 2
13 4 2 . 7 4 * 0 . 3 0 * 2 . 89 2 . 5 8 ± 0 . 3 0 2 . 32± 0 . 2 5 2 . 72
14 4 3 . 1 0 * 0 . 3 0 * 2 . 92 2 . 9 3 * 0 . 3 0 2 . 71
15 4 2 . 7 5 * 0 . 2 0 * 2 . 7 4 2 . 5 2 * 0 . 2 0 2.51
16 4 2.  27*0 . 25 * 2 . 4 5 2 . 0 9 ± 0 . 2 5 2 . 22
17 4 1 . 9 7 * 0 . 2 0 * 2 . 09
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C .4  O sc i l la t o r  S t r e n g t h  D e n s i t i e s
(i). The calculation of the experimental oscillator strength densities for 
Schumann-Runge transitions from the u" =  0 state. Below the dissociation limit the 
wavenumbers are the band origins for the (1-0) to (22-0) bands and d f / d u  was cal­
culated as f Q( v ' ) / A G where f 0{v' )  is the rotationless oscillator strength and AG'  
is the first vibrational difference. Above the dissociation limit d f / d u  was calculated 
as 1.13 x 10"1 ‘ct(i' ) , where a(iy) cm 2 is the measured low temperature absorption cross 
section. The smoothed oscillator strength densities and discrete oscillator strengths 
are also listed.
V 1 v, cm-1
/ ( V )
fo r  \)<57136cm-1 
a (v ) ,  cm2 
fo r  v>57136cm_1
&6‘ , cm-1
/  ( v 1) / AG *, cm
for  v<57136cm_1 
1 . 13xl012o ( v ) , cm 
fo r  v>57136cm'1
smoothed 
d f / d v ,  cm
smoothed
r y  >
1 50045.45 3.09-9* 676.36 4.57-12 4.66-12 3.15-9
2 50710.73 1.99-8 653.27 3.05-11 2.95-11 1.92-8
3 51351.99 8.44-8 629.32 1.34-10 1.34-10 8.42-8
4 51969.36 2.81-7 604.54 4.65-10 4.69-10 2.84-7
5 52561.06 7.76-7 576.60 1.35-9 1.34-9 7.72-7
6 53122.55 1.71-6 547.53 3.12-9 3.23-9 1.77-6
7 53656.11 3.60-6 516.77 6.97-9 6.85-9 3.54-6
8 54156.08 6.33-6 482.99 1.31-8 1.30-8 6.29-6
9 54622.08 9.68-6 447.45 2.16-8 2.26-8 1.01-5
10 55050.97 1.52-5 408.49 3.72-8 3.65-8 1.49-5
11 55439.05 2.02-5 366.80 5.51-8 5.48-8 2.01-5
12 55784.56 2.60-5 323.20 8.04-8 7.74-8 2.50-5
13 56085.44 2.87-5 277.94 1.03-7 1.03-7 2.87-5
14 56340.44 3.01-5 232.59 1.29-7 1.31-7 3.04-5
15 56550.62 2.91-5 189.56 1.54-7 1.58-7 2.99-5
16 56719.56 2.88-5 150.97 1.91-7 1.83-7 2.76-5
17 56852.56 2.46-5 117.51 2.09-7 2.05-7 2.40-5
18 56954.57 1.91-5 88.87 2.15-7 2.23-7 1.98-5
19 57030.29 1.56-5 64.16 2.43-7 2.37-7 1.52-5
20 57082.89 1.07-5 42.26 2.53-7 2.48-7 1.05-5
21 57114.81 6.9 -6 23.90 (2.89-7) 2.53-7 6.06-6
22 57130.69 3.1 -6 9.9 (3.1 -7) 2.57-7 2.54-6
57142.85 2.30-19 2.60-7 2.60-7
57306.59 2.57-19 2.90-7 2.97-7
57471.26 2.91-19 3.29-7 3.37-7
57636.88 3.36-19 3.80-7 3.82-7
57803.46 3.76-19 4.25-7 4.31-7
57971.01 4.22-19 4.77-7 4.85-7
58139.53 4.85-19 5.48-7 5.44-7
58309.03 5.41-19 6.11-7 6.08-7
58479.53 5.93-19 6.70-7 6.75-7
58651.02 6.76-19 7.64-7 7.47-7
For 3.09-9 read 3.09 x 10‘ 9
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(ii). The calculation of the experimental oscillator strength densities for 
Schumann-Runge transitions from the u" =  l state. The method is as described in 
(i) except that the continuum cross sections listed here are the theoretical values of 
Gibson (1983).
v' v, cm-1
/ „ ( V )
fo r  v<55580cirr1 
a ( v ) ,  cm2 
fo r  v>55580cm_1
AG'.cnT1
/ o (v ') /A G 'fcni
fo r  v<55580cm_1 
1.13x1012 o(v),cm 
fo r  v>55580cm*1
smoothed 
d f/dv ,  cm
smoothed
/ „ ( V )
3 49795.60 1.81-6* 629.32 2.88-9 2.86-9 1.80-6
4 50412.97 5.20-6 604.54 8.60-9 8.67-9 5.24-6
5 51004.67 1.25-5 576.60 2.17-8 2.24-8 1.29-5
6 51566.16 2.86-5 547.53 5.22-8 5.02-8 2.75-5
7 52099.72 5.20-5 516.77 1.01-7 9.99-8 5.16-5
8 52599.69 8.95-5 482.99 1.85-7 1.79-8 8.63-5
9 53065.69 1.23-4 447.45 2.75-7 2.92-7 1.30-4
10 53494.58 1.81-4 408.49 4.43-7 4.39-7 1.79-4
11 53882.66 2.15-4 366.80 5.86-7 6.17-7 2.26-4
12 54228.17 2.77-4 323.20 8.57-7 8.16-7 2.64-4
13 54529.05 2.74-4 277.94 9.86-7 1.02-6 2.84-4
14 54784.05 3.10-4 232.59 1.33-6 1.22-6 2.85-4
15 54994.23 2.75-4 189.56 1.45-6 1.41-6 2.67-4
16 55163.17 2.27-4 150.97 1.50-6 1.57-6 2.37-4
17 55296.17 1.97-4 117.51 1.68-6 1.70-6 2.00-4
55580.11 1.75-18 1.98-6 2.01-6
55944.05 2.17-18 2.45-6 2.45-6
56338.02 2.64-18 2.98-6 2.98-6
56737.58 3.20-18 3.62-6 3.56-6
57142.85 3.68-18 4.16-6 4.19-6
*For 1.81-6 read 1.81xl0"6
Coefficients a. to be used with Eq. (5.6) to calculate the smoothed oscillator 
strength densities as a function of v  for Schumann-Runge transitions from the v" =  0 
and t / '  =  l states.
a i v"=0 v "= 1
ao -1.334733669 x 104 -2.598946355 x 103
a i 9.356569994 x 10“ 1 1.642677290 x 10_1
a2 -2.473098864 x 10-5 -3.943483384 x 10’ 6
a 3 2.915103723 x 10"10 4.243417343 x 10“ 11
a4 -1.291691134 x 10-15 -1.726872661 x 10"16
227
C.5 M easured  Predissoc ia t ion  Linewidths
Measured FVVHM predissociation line widths r  (cm'1) for rotational lines from 
the (1-0) to (19-0) Schumann-Runge bands of 160 2> Unmarked values were derived 
from measurements of unresolved PR doublets, while values marked P and R were 
derived from measurements of P and R branch lines respectively. Values marked 
with an asterisk were obtained from a scan profile fitting technique. Widths refer­
ring to resolved triplet components have been given an appropriate subscripted 
marking and for fully resolved single triplet components r  should be replaced by f.
\ *  i 2 3 4 s t 7 8 9 1 0
2 0 . 6 2 i 0 . 2 0  * 0 . 3 8 ( 0 . 0 8
4
4
0 . 7 3 * 0 . 2 0  P* 
0 . 6 6 * 0 . 2 0  • 0 . 4 0 ( 0 . 0 6 I . 6 O1 O .IO 2 . 9 9 i 0 . 3 0 1 .8 2 1 0 . 1 0 1 . 4 4 ( 0 . 0 8 1 . 8 3 ( 0 . 0 9 1 . 6 2 ( 0 . 0 6 0 . 7 1 ( 0 . 0 6 1 . 0 7 ( 0 . 0 8
6 0 . 7 6 * 0 . 2 0  P* 0 . 4 2 i 0 . 0 6 1 . 6 3 i O . 10 3 . 0 0 i 0 . 3 0 1 . 9 3 t 0 . 0 6 1 . 3 3 l 0 . 0 8 1 . 8 6 * 0 . 0 6 1 , 6 3 t 0 . 0 6 0 . 5 8 1 0 . 0 6 0 . 9 2 l 0 . 0 8
8
8
0 . 5 7 * 0 . 2 0  P*  
0 . 8 3 * 0 . 2 0  R*
0 . 2 9 1 0 . 1 0  P 
0 . 4 U 0 . 0 6 1 . 6 2 * 0 . 1 0 3 . W 1 0 . 3 0 1 . 9 2 i 0 . 1 0 1 . 6 0 * 0 . 0 8 2 . 0 3 i 0 . 0 9 1 . 7 8 ( 0 . 0 6
0 . 0 7 i 0 . 0 6  P 
0 . 7 6 1 0 . 0 6
0 . 8 9 * 0 . 0 8  P 
0 . 9 3 i 0 . 0 8
10
10
0 . 5 9 * 0 . 2 0  P* 
0 . 7 3 * 0 . 2 0  R*
0 . 4 2 * 0 . 1 0  P 
0 . 3 9 * 0 . 0 6 1 . 7 3 * 0 . 1 0 3 . 5 3 * 0 . 2 0 1 . 9 3 i 0 . 1 0 1 . 5 3 i 0 . 0 8 1 . 7 4 i 0 . 0 6 1 . 7 1 1 0 . 0 6 0 . 6 5 ( 0 . 0 6  P 0 . 8 2 i 0 . 0 8  P
12
12
12
0 . 8 1 * 0 . 3 0  P* 
0 . 8 0 i 0 . 2 0  R*
0 . 3 7 i 0 . 1 0  R 
0 . 4 1 i 0 . 1 0  P* 
0 . 4 2 i 0 . 0 6 1 . 6 4 t 0 . I S 3 . 3 0 i 0 . 2 0 1 . 7 9 i 0 . 1 0 1 . 6 9 t 0 . 0 8 1 . 7 4 i 0 . 0 9 1 . 5 9 1 0 . 0 6
0 . 6 5 1 0 . 0 6  P 
0 . 6 9 i 0 . 0 6  R
0 . 7 1 t 0 . 0 8  P 
0 . 8 6 t 0 . 0 8  R
14
14
0 . 6 1 i 0 . 3 0  P* 
0 . 9 3 1 0 . 3 0  R*
0 . 3 8 1 0 . 1 0  R 
0 . 4 5 i 0 . 1 0  P*
1 . 8 9 * 0 . 2 5  P*  
1 . 6 8 * 0 . 1 5 3 . 4 9 1 0 . 2 0 1 . 8 2 i 0 . 1 0 1 . 7 8 1 0 . 0 8 1 . 7 2 i 0 . 0 9 1 . 7 5 i 0 . 0 9
0 . 6 9 i 0 . 0 6  P 
0 . 7 5 1 0 . 0 6  R
0 . 8 7 * 0 . 0 8  P 
0 . 9 2 * 0 . 0 8  R
16
16
0 . 9 8 i 0 . 5 0  P* 
0 . 5 2 i 0 . 3 0  R* 0 . 4 0 1 0 . 1 0  R*
1 . 6 6 * 0 . 2 5  ? •  
1 . 5 1 i 0 . 2 0 3 . 4 6 i 0 . 2 0 1 .8 0 * 0 . 1 2 1 . 7 3 l 0 . 0 8 1 . 7 3 1 0 . 0 9 1 . 7 9 ( 0 . 0 9
0 . 7 5 t O . 0 6  P 
0 . 8 7 i 0 . 0 6  R
0 . 7 9 * 0 . 0 8  P 
0 . 8 3 * 0 . 0 8  R
18
18 1 . 1 4 ( 0 . 5 0  * • 0 . 3 5 i 0 . 1 0  R*
1 . 6 9 * 0 . 2 5  P*  
1 . 8 2 * 0 . 2 5  R* 3 . 3 5 1 0 . 2 0 1 .9 0 * 0 . 1 2 1 . 8 6 t 0 . 0 8 1 . 8 5 ( 0 . 1 2 2 . 0 5 ( 0 . 0 9
0 . 8 0 * 0 . 1 0  P 
0 . 7 1 1 0 . 0 6  R
0 . 7 2 t 0 . 0 8  P 
0 . 7 2 i 0 . 0 8  R
2 0
2 0 0 . 5 7 1 0 . 5 0  R*
2 . 0 0 1 0 . 3 0  P*  
1 . 9 0 1 0 . 2 5  R* 3 . 2 4 1 0 . 3 0 1 . 7 2 1 0 . 1 2 2 . 0 5 i 0 . 10 1 . 4 3 ( 0 . 1 2 1 . 7 7 ( 0 . 0 9
0 . 8 3 i 0 . 1 5  P 
0 . 6 9 i 0 . 1 0  R
0 . 8 0 * 0 . 0 8  P 
0 . 8 5 * 0 . 0 8  R
2 2
2 2
1 . 6 8 1 0 . 3 0  P*
1 . 7 5 1 0 . 3 0  R* 3 . 0 4 i 0 . 4 0 1 . 6 6 1 0 .1 2 1 . 9 7 1 0 . 1 0 1 . 4 4 1 0 . 1 2 1 . 9 5 ( 0 . 2 1 0 . 9 2 1 0 . 1 5  R 0 . 6 4 i 0 . 0 8  R
2 4 2 . 0 6 1 0 . 4 0  P* 
1 . 9 7 i t ) . 3 5  R* 1 . 6 2 i 0 . 2 1 2 . 0 4 t 0 . 1 0 1 . 6 2 1 0 . 1 5 1 . 6 7 ( 0 . 1 5 0 . 9 9 1 0 . 1 5  R
0 . 3 5 1 0 . 1 5  P 
0 . 8 3 i 0 . 2 5  R
2 6 1 . 9 1 i 0 . 4 0  P* 2 . 1 0 i 0 . 1 0 1 . 1 7 ( 0 . 1 5 0 . 5 1 10 . 1 0  R
2 8
2 8 1 . 8 9 i 0 . 4 0  R*
0 . 5 2 i 0 . 1 0  P 
0 . 5 4 i 0 . 2 8  R
3 0
3 0
0 . 6 0 * 0 .  2  6  P 
0 . 1 4 * 0 . 2 5  R
\ n 12 1 3 J v - 1 4 j v - 1 5 J v "  16 j » • 1 7 j » • 1 8 J V» 19
1 0 . 4 7 i 0 . 0 4 2 . 7
2 . 7
0 . 2 4 i 0 . 0 3
2 0 . 5 1 ( 0 . 0 5 P O . l l i O . O l P 0 . 2 5 * 0 . 0 3
3 0 . 4 3 i 0 . 0 3 P j 3 0 . 3 1 , 0 . 0 3 P , 3 0 . 2 2 ( 0 . 0 3 3 . 5 0 . 2 4 * 0 . 0 6 P j 2
4 1 . 0 7 ( 0 . 0 6
1 . 2 6 ( 0 . 0 6 P  
1 . 1 6 ( 0 . 0 6
0 . 4 3 i 0 . 0 4 P  
0 . 3 5 i 0 . 0 3 R
0 . 6 1 i 0 . 0 5 P
O . l O i O . O l P  
0 . 1 2 1 0 . 0 1 R 4 0 . 1 5 ( 0 . 0 2 P 4 0 . 3 3 ( 0 . 0 3 P 4 0 . 3 1 , 0 . 0 3
5 0 . 1 8 ( 0 . 0 3 P , 5 . 5 0 . 2 5 * 0 . 0 3 P j 2
6 6 0 . 3 1 l O .0 3 P
6 0 . 4 9 i 0 . 0 5 R O . l O i O . O l P 6 0 . 1 5 i 0 . 0 2 P 6 0 . 3 1 1 0 . 0 3 P 6 0 . 4 2 i 0 . 0 3 R 5 . 5 0 . 3 4 i 0 . 0 3 R „
8 0 . 5 4 * 0 .0 5 P  
0 . 5 5 i 0 . 0 5 R
0 .  M i O . O l P  
0 . 1 2 i 0 . 0 1 R
8 0 . 1 3 i0 .0 3 R 8 0 . 2 4 * 0 . 0 3 P  
0 . 2 4 i 0 . 0 3 R
8 0 . 2 7 * 0 . 0 3 P
7 0 . 2 6 * 0 . 0 3 P , 7 . 5 0 . 2 1 1 0 .0 3 R  j2 7 0 . 2 0 1 0 . 0 6 R ,
8 1 . 2 5 ( 0 . 0 6 2 8 0 . 1  S i 0 . 0 2 P 8 8 0 . 3 8 i 0 . 0 3 R
9 . 5 0 . 3 3 , 0 . 0 3 R , 2
10
10
1 . 1 9 ( 0 . 1 0 P  
1 . 3 3 ( 0 . 0 6 R
1 . 2 7 . 0 .  1 5 P
1 . 2 7 . 0 .  0 6R
0 . 7 2 i 0 . 0 5 P  
O .6 I 1 O.OSR
0 . 1 3 1 0 . 0 1 P 
0 . 1 2 * 0 . 0 1 R
10
10
0 . 1  S i 0 . 0 3  R 
0 . 1 2 i 0 . 0 2 P
1 0
10
0 . 2 2 i 0 . 0 3 P
0 . 3 2 i 0 . 0 3 R
10
1 0
0 . 3 6 * 0 . 0 3 P  
0 . 2 7 i 0 . 0 3 R
1 1 .5 0 . 2 4 i 0 . 0 3 P „
10 0 . 1 7 ( 0 . 0 3 P 2
12 0 . 7 7 t 0 .0 5 P  
0 . 7 2 t0 .0 5 R
0 . 1 6 * 0 . 0 2 P  
0 . 1 2 i 0 . 0 1 R
12 0 . 1 l i O .0 3 R  
0 . 1 4 i 0 . 0 2 P
12 0 . 2 5 i 0 . 0 3 P
12 12 12 0 .2 4 1 Ü .0 3 R 12 0 . 2 4 * 0 . 03R 12 0 . 2 6 * 0 . 0 6 R ,
14 1 . 2 7 t 0 . 0 6 P  
1 . 2  S 2 0 . 06R
0 . 6 2 i 0 . 0 5 P  
0 . 7 9 x 0 . 06R
14 0 . 1 1 1 0 . 0  3R
1 3 0 . 1 l * 0 . 0 3 P j
13 0 . 2 8 ( 0 . 0 7 P ,
14 0 . 1 3 i 0 . 0 2 R 14 0 . 1 2 i 0 . 0 2 P 14 0 . 2 2 i 0 . 0 3 R
1 5 . 5 0 . 2 6 * 0 . 0 3 P J2 1 5 0 . 1 5 l 0 . 0 3 P ,
13 0 . 2 6 * 0 . 0 6 R ,
16 1 . 3 0 ( 0 . 1 0 P
0 .8 6 ( 0 . 0 7 R
1 5 .5 0 . 1 1 i 0 . 0 2 P ] 2 1 5 . 5 0 . 2  7 * 0 . 0 3 R j2 I S 0 . 1 S ( 0 . 0 3 R , 1 5 0 . 1 0 * 0 . 0 3 P )
16 1 . 2 3 i 0 . 0 6 R  
1 . 4 0 1 0 . 1 5 P
16 0 . 1 2 1 0 . 0  3R
17
1 5 . 5
0 . 1 7 * 0 . 0 3 P | 0 . 1 1 i 0 . 0 3 P 2 R |
18 1 7 .5 0 . 1 4 * 0 .0 2 P j 2
18 1 . 2 4 ( 0 . 10R 0 . 7 4 i0 .0 7 R 0 . 2 1 l 0 . 0 2 R 19 0 . 0 9 * 0 . 0 3 P , 18 0 . 0 8 * 0 . 0 3 P ,
2 0 1 . 0 3 ( 0 . 10R 0 . 9 4 i0 .0 7 R 1 9 .5 0 . 1 2 i 0 . 0 3 R j 2 21 0 . 1 1 * 0 .0 3 R )
2 2 1 . 0 5 i 0 . 1 5 P  
1 . 3 7 i 0 . 2 0 R
21 0 . 0 6 ( 0 . 0 2 P | 2 1 . 5 0 . 16 i 0 . 0 3 R j 2 2 1 0 . 1 4 , 0 . 0 3 P , 21 0 . 0 7 * 0 . 0 3 R , 21 0 . 0 5 i 0 . 0 3 P ,
2 2 2 2 0 . 1 2 i 0 . 0 2  R 2 2 0 . 1 6 ( 0 . 0 3 P , 2 2 0 . 0 5 ( 0 . 0 3 R ,
24 0 . 9 6 ( 0 . 15P 2 3 0 . 0 6 i 0 . 0 3 P , 2 3 0 . 0 6 i 0 . 0 3 P ,
24 1 . 0 3 ( 0 . 1 5 P 0 . 8 8 l 0 . 1 0 R 0 .  3 6 ( 0 . 03R 2 4 0 .1 4 x 0 . 0 2  R j 2 5 0 . 0 2 i 0 . 0 3 P , 2 3 0 . 0 6 1 0 . 0 3 R , 2 4 0 . 0 6 1 0 . 0 3 P ,
2 5 0 . 2 9 i 0 . 0 3 P , 2 5 0 . 0 3 i 0 . 0 3 R | 2 5 0 . 0 2 * 0 . 0 3 P j
2 5 0 . 0 6 * 0 . 0 3 R ,
2 6 0 . 7 4 i 0 .1 5 R 0 . 3 6 ( 0 . 0 3R
2 7 0 . 1 6 * 0 . 0 3 P , 2 7 0 . 1 0 1 0 . 0 3 R , 2 7 0 . 1 0 * 0 .0 3 R |
2 8 0 . 8 2 ( 0 . 15P
2 9 0 .2 2 1 Ü .O 4 R ,
2 8 0 . 0 9 i 0 . 0 3 R ,
3 0 0 .  7 6 ( 0 . 2 0R 3 0 0 . 2 0 i 0 . 0 4 R j 2 9
0 . 0 1 * 0 . 0 3 R |
31 0 . 1 3 i 0 . 0 5 R |
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C.6 Rota t io n less  Width s
Measured FWHM predissociation line widths r  (cm'1) extrapolated to zero 
rotation for the (1-0) to (19-0) Schumann-Runge bands of 160 o. The comparable 
values of other workers are also given.
V This work Smith et at. 
(1984)
Frederick and 
Hudson(1979)
Gies et at. 
(1981)
Lewis eX at. 
(1978. 1979)
1 0.66+0.10
2 0.39±0.03 0.24±0.02 0.62±0.08
3 1.61±0.08 1.84±0.08 1.2 ± 0.1
4 2.99±0.20 4.18+0.10 3.0 ± 0.4
5 1 .91±0.10 2.34±0.50 1.9 + 0.3
6 1.38+0.10 1.11±0.20 1.41±0.07
7 1.87±0.10 1.70±0.15 1.62±0.10 1.47+0.08
8 1.61±0.10 1.43±0.15 1.36±0.09 1.23±0.09
9 0.67±0.05 0.76±0.40 0.67±0.04 0.56±0.07
10 0.95±0.05 0.42±0.07 0.70±0.04 0.78±0.07
11 1.18+0.10 1.27±0.45 0.94±0.06 0.98+0.07
12 0.42±0.05 0.81+0.07 0.66+0.03 0.57±0.03
13 O.lltO.Ol 0.16±0.02 0.13+0.01 0.20±0.01 0.14+0.01
14 0.18+0.02 0.18±0.02 0.16±0.02 0.09±0.01
15 0.33±0.03 0.33±0.01 0.32±0.04
16 0.35+0.05 0.40±0.01 0.33+0.03
17 0.34±0.03 0.25±0.03
18 0.22±0.03 0.16±0.03
19 0.23±0.04 0.22±0.12
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C.7  P a r t i a l  W i d t h s
Calculated best fit partial and total FWHM predissociation widths for the 
(1-0) to (18-0) Schumann-Runge bands of 160 o compared with the measured values 
of this work ( N —10 for u'  = 1-15, ,Y=6 for v'  -16-18). The deviations between the 
measured and model values are also shown as a percentage. All theoretical widths 
were averaged over the fine structure components.
\  a 
V \
\ V 3nu l Itu r ( t h e o r . ) r ( m e a s . ) D e v i a t i o n , %
1 0 . 0 0 2 0.000 0 . 0 7 5 0 . 7 1 4 0 . 7 9 2 0 . 7 2 4 - 9 . 4
2 0 . 0 8 1 0.000 0 . 1 5 3 0 . 1 7 8 0 . 4 1 2 0 . 4 0 5 - 1 .7
3 0 . 9 1 8 0.000 0 . 2 3 6 0-.440 1 . 5 9 5 1 .6 7 4 . 5
4 3 . 0 5 1 0 . 0 0 5 0 . 3 0 7 0 . 0 7 2 3 . 4 3 5 3 . 3 1 - 3 . 8
5 1 .4 2 5 0 . 0 6 5 0 . 3 5 2 0 . 0 2 6 1 . 8 6 7 1 .8 9 1 .2
6 0 . 7 1 2 0 . 3 3 6 0 . 3 6 6 0 . 1 6 6 1 . 5 8 0 1 .5 7 - 0 . 6
7 0 . 8 1 0 0 . 4 8 4 0 . 3 5 5 0 . 2 3 4 1 .8 8 1 1 .8 1 - 3 . 9
8 1 .1 1 2 0 . 0 1 4 0 . 3 2 3 0 . 2 0 3 1 .6 5 2 1 .7 1 3 . 4
9 0 . 0 0 2 0 . 2 7 0 0 . 2 7 8 0 . 1 3 6 0 . 6 8 6 0 . 6 8 9 0 . 5
10 0 . 6 0 5 0.000 0 . 2 3 0 0 . 0 7 5 0 . 9 1 0 0 . 8 9 7 - 1 . 4
11 0 . 8 3 5 0 . 1 5 7 0 . 1 8 1 0 . 0 3 5 1 .2 0 8 1 .2 3 1 . 8
12 0 . 3 3 9 0 . 1 1 3 0 . 1 3 9 0 . 0 1 3 0 . 6 0 5 0 . 6 1 7 2 . 0
13 0 . 0 1 9 0 . 0 0 5 0 . 1 0 3 0 . 0 0 4 0 . 1 3 2 0 . 1 2 6 - 4 . 5
14 0 . 0 4 0 0 . 0 2 0 0 . 0 7 5 0 . 0 0 1 0 . 1 3 6 0 . 1 3 4 - 1 .3
15 0 . 1 4 7 0 . 0 5 7 0 . 0 5 4 0.000 0 . 2 5 7 0 . 2 5 6 - 0 . 6
16 0 . 2 2 6 0 . 0 6 4 0 . 0 3 7 0 . 0 0 1 0 . 3 2 7 0 . 3 2 9 0 . 6
17 0 . 2 1 1 0 . 0 4 5 0 . 0 2 6 0 . 0 0 1 0 . 2 8 4 0 . 3 0 8 7 . 9
18 0 . 1 6 9 0 . 0 2 8 0 . 0 1 8 0 . 0 0 1 0 . 2 1 6 0 . 1 9 7 - 9 . 7
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APPENDIX D
, 80  SCH I'M ANN-RUNG E BANDS
2
D . l  O scillator S tren gth s
Measured oscillator strengths f(v' ,N")  x 10x for the (2-0) to (10-0) Schumann- 
Runge bands of 180 o.
R branches.
\ r * 2 3 4 5 6 7 8 9 10
N "
1
3 7.6  ±  0.4 3.13 ±  0.15 1.14  ±  0.05 3.29  ±  0.15 8.17  ±  0.40 3.25 ±  0.15 5.80  ±  0.25 8.82  ±  0.40
5 6.9  ±  0.4 3.37 ±  0.15 1.11  ±  0.05 3.15  ±  0.15 7.78  ±  0.40 1.74  ±  0.10 3.11  ±  0.15 5.88  ±  0.25 9.12  ±  0.40
7 7 .0  ±  0.4 3.18  ±  0.15 1.11  ±  0.05 3.00  ±  0.15 8.00  ±  0.40 1.66  ±  0.10 3.51  ±  0.15 5.41  *  0.25 8.85  ±  0.40
9 6.9  ±  0.4 3.09 ±  0.15 1.13  ±  0.05 3.16  ±  0.15 7.97 ±  0.40 1.67 ±  0.10 3.10  ±  0.15 5.46 ±  0.25 8.37  *  0.40
n 7.5  ±  0.4 3.13 ±  0.15 1.08  ±  0.05 3.02  ±  0.15 7.58  ±  0.40 1.64  ±  0.10 2.99  ±  0.15 5.34 ±  0.25 8.46  ±  0.40
13 6.8  ±  0.4 3.06  ±  0.15 1.14  ±  0.05 3.11  ±  0.15 7.61  ±  0.40 1.64  ±  0.10 3.15  ±  0.15 5.04  ±  0.25 8.14  ±  0.40
15 6.4  ±  0.4 3.14  ±  0.15 1.11  ±  0.05 2.98  ±  0.15 7.48  ±  0.40 1.51  ±  0.10 2.96  ±  0.15 5.42  ±  0.25 8.25  ±  0.40
17 6.5  ±  0.6 2.84  ±  0.20 1.10  ±  0.08 2.93  ±  0.20 7.55  ±  0.40 1.49  ±  0.10 2.97  ±  0.15 5.19 ±  0.25 7.89  ±  0.40
19 2.76  ±  0.25 1.02  ±  0.08 2.84  ±  0.20 7.15  ±  0.40 1.46  ±  0.10 2.87  ±  0.15 5.08  ±  0.25 8.60  ±  0.50
21 2.47  ±  0.25 1.02  ±  0.15 2.68  ±  0.20 6.95  ±  0.40 1.47  ±  0.10 2.89  ±  0.20 4.76  ±  0.25 7.31  ±  0.50
23 0.97  ±  0.20 2.71  ±  0.25 6.28  ±  0.50 1.42  ±  0.15 2.76  ±  0.20 7.32  ±  0.60
25 2.55  ±  0.25 6.45  ±  0.50 1.24  ±  0.15 2.69  ±  0.20 4.16  ±  0.40
27 6.01  ±  0.50 1.23 ±  0.15 2.47  ±  0.20
29 2.62  ± 0.40
X 9 8 7 7 7 6 6 6 6
P  branches: values in parentheses refer to measurements on unresolved lines 
which are not independent of the R branch values.
\ V’ 2 3 4 5 6 7 8 9 10
N ’
1 (7.7 ± 0.4) (3.15 ± 0.15) (1.15 ±  0.05) (3.32 ± 0.15) (8.24 ± 0.40) (3.28 ± 0.15) (5.85 ± 0.25) (8.90 ± 0.40)
3 (7 .0  ± 0.4) (3.42 ± 0.15) (1.13 ± 0.05) (3.20 ± 0.15) (7.90 ±  0.40) (1.76 ± 0.10) (3.16 ± 0.15) (5.98 ± 0.25) (9.27 ± 0.40)
5 (7.2 ± 0.4) (3.25 ± 0.15) (1.13 ± 0.05) (3.07 ± 0.15) (8.18 * 0.40) (1.69 ± 0.10) (3.59 ± 0.15) (5.54 ±  0.25) (9.06 ±  0.40)
7 (7.1 ±  0.4) (3.18 ± O .U) (1.16 ± 0.05) (3.25 ±  0.15) (8.20 * 0.40) (1.71 ± 0.10) (3.19 ±  0.15) (5.63 ±  0.25) (8.63 ± 0.40)
9 (7.8 ±  0.4) (3.24 ± 0 .U ) (1.11 ±  0.05) (3.13 ± 0.15) (7.86 ± 0.40) (1.69 ± 0.10) (3.10 ± 0.15) (5.54 ± 0.25) (8.79 ± 0.40)
n (7 .1  ± 0.4) (3.19 ± 0.15) (1.19 ±  0.05) (3.24 ±  0.15) (7.94 ± 0.40) (1.70 *  0.10) (3.29 ±  0.15) (5.27 * 0.25) (8.52 ±  0.40)
13 (6.7 ±  0.4) (3.30 ±  0.15) (1.17 ±  0.05) (3.13 ±  0.15) (7.86 ± 0.40) (1.64 ± 0.10) (3.11 ± 0.15) (5.71 ± 0.25) (8.70 ± 0.40)
15 (6.9 ± 0.4) (3.00 ± 0.20) (1.16 ±  0.08) (3.10 ± 0.20) (7.99 ± 0.40) (1.57 ±  0.10) (3.15 ±  0.15) (5.51 ± 0.25) (8.39 ± 0.40)
17 (2.94 ± 0.25) (1.09 ± 0.08) (3.02 ±  0.20) (7.62 ± 0.40) (1.55 ± 0.10) (3.06 ±  0.15) (5.43 * 0.25) 8.42 ±  0.50
19 (2.65 ±  0.25) (1.09 ±  O .U ) (2.87 ± 0.20) (7.46 ± 0.40) (1.57 ± 0.10) (3.11 ± 0.20) (5.13 ± 0.25) 8.21 ±  0.50
21 (1.05 ± 0.20) (2.93 1 0.25) (6.79 i  0.50) (1.52 ± 0.15) (2.99 ± 0.20) 5.08 * 0.30 7.88 ± 0.50
23 (2.77 ±  0.25) (7.02 ±  0.50) (1.34 ± 0.15) (2.94 ± 0.20) 5.24 ± 0.30 7.65 ±  0.60
25 (6.59 ± 0.50) (1.34 ± 0.15) (2.72 * 0.20) 6.87 ±  0.60
27 (2.89 ± 0.40) 4.64 ± 0.40
31 3.67 * 0.50
X 9 8 7 7 7 6 6 6 6
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Measured oscillator s t rengths  f (v' ,M")  x 105 for the R  branches  of the (11-0) to 
(19-0) Schumann-Runge bands  of 180 9.
2.10 ± 0.15
1.69 ± 0.15
1.99 ± 0.15
Measured oscil lator s t reng ths  /(r ' . .Y") > 103 for the P  branches  of the  (11-0) to 
(19-0) Schumann-Runge bands  of 180 9. Values in parentheses  refer to measurements  
on unresolved lines which are not independent of the R  branch values.
(1.24 ± 0 .06) (2.11  ± 0 . 10) (2.28 ± 0. 10)
(1.55 ± 0 .08) (2.25 ± 0. 10) (2.16 ± 0 . 10)
(1.19 ± 0.06) 1.54 ± 0.08 2.30 * 0.10 2.25 ± 0.10
1.52 ± 0.08 2.12  *  0.10
1.16 ± 0.06 1.70 ± 0.08 1.89 ± 0.10 2.21 ±  0.10
1.16 ± 0.06 1.62 ± 0.08 2.03 ± 0.10 2.25 ± 0.10
1.21 ± 0.06 1.45 ± 0.08 1.80 ± 0.10 1.96 ± 0.10
1.13 ± 0.06 1.64 ± 0.08 1.80 ± 0.10 2.20  ±  0.10
1.12 ± 0.08 1.62 i 0.08 1.81 ± 0.10 2.22 ± 0.15
1.12 ± 0.08 1.31 ± 0.08
l.U ± 0.08 1.81 * 0.10
1.12 ± 0.08 1.24 ± 0.08 1.48 ± 0.10
1.38 ± 0.10 1.44 * 0.10
0.95 * 0.15 1.22 ± 0.25
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Measured oscillator s t rengths  f ( v ' , N" )  x 10r for the R  branches of the  (5-1) to 
(15-1) Schumann-Runge bands  of 180 2.
4.40 ± 0.25
4.39 ± 0.25
4.50 ± 0.25 ± 0.10 1.99 ± 0.10
2.37 ± 0.15
2.42 ± 0.15 7.1 ± 0.4
2.49 ± 0.15 6.6 ± 0.4 ± 0.15
2.42 ± 0.15 6.8 ± 0.4 ± 0.15
6.5 ± 0.4 1.51 ± 0.15
6.2 ± 0.4 1.76 ± 0.25
5.2 ± 0.6
5.7 ± 0.6
3.8 ± 1.2
Measured oscillator s t rengths  / ( r' , .V") x 10z for the P  branches  of the (5-1) to 
(15-1) Schumann-Runge bands of 180 o. Values in parentheses  refer to measurements  
on unresolved lines which are not independent  of the R  branch values.
(1 .38 x 0 .06)(4.43 x  0 .23)
(1.33 ±  0 .06) (1 .18  ± 0 .07) (1 .40  * 0 .06) (1 .73  ± 0 .10)(4.45 ± 0 .23)
(6.02 ± 0.40) (1.23 ± 0 .08) (4.59 * 0 .23) (2.13 ± 0 .10)
(5.84 * 0.40) (1.41 *  0 .08)(2.43 ± 0 .13)
(3 .12  ± 0.40) (1.31 ± 0 .08) (2 .50  ± 0 .13) (7 .3  * 0 .4 )
(5.67 i  0.40) (1 .37  ± 0 .08) (2.59 * 0.13) (1 .50  *  0 .08)(6 .9  * 0 .4 )
(1.28 l  0 .08) (2 .53  ± 0.13) (7 .1  * 0 .4 )
(1.26 x 0.08) (6 .8  x 0 .4 )
6 .3  x  0.4
7 .6  x 0.6
6 .6  x 0 .6
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D .2  Rota t io n less  Osci llator Strengths
Rotationless oscillator strengths /  and rotational dependences ß for the (2-0) 
to (19-0) Schumann-Runge bands of 180 0. The f Q values marked with an asterisk 
were determined from the present measurements by assuming the theoretical ß 
values.
/of1’') x 101 ß{v')
aOX
measured theoret ical
y
measured theoret ical
2 9 7.37 ± 0.24 0.85 12 2.7 ± 1.5 1.5
3 8 3.30 ± 0.08 3.09 12 12.5 ± 4.0 6.7
4 7 1.14 ± 0.02 1.08 11 1.1 ± 0.8 2.4
5 7 3.22 ± 0.00 3.09 11 8.0 ± 1.4 7.1
6 7 8.17 i 0.13 7.53 10 2.5 ± 0.3 1.8
6 1.73 i 0.04 1.61 10 6.2 ± 0.6 3.9
8 6 3.28 ± 0.07 3.07 10 8.0 ± 2.0 7.9
9 0 5.75 ± 0.12 5.25 9 1.8 ± 0.3 1.4
10 6 8.98 ± 0.23 8.23 9 2.8 ± 0.0 2.3
1 1 5 1.21 rt 0.03 1.18 9 2.8 i  0.9 3.0
12 5 1.00 i 0.07 1.55 9 4.8 ± 1.0 5.1
13 5 2.09 ± 0.12 1.89 9 1 1.4 ± 2.0 0.8
14 5 2.23 X 0.10 2.14 9 6.2 ± 3.8 8.6
15 5 2.31 i 0.10 2.25 9 8.1 i  3.5 10.0
10 5 2.20 ± 0.08 2.21 8 1.1 ± 0.4 1.1
17 5 2.11 ± 0.10* 2.05 8 1.8 ± 0.5 1.1
18 5 1.95 i 0.40* 1.80 8 5.3 ± 1.3 1.1
19 5 1.13 ± 0.40* 1.52 8 3.5 ± 5.0 1.1
231
D .3  B a n d  O s c i l l a to r  S t r e n g t h s
Mean band oscillator strengths /  for the (2-0) to (19-0) Schumann-Runge 
bands of 18O n. The values listed for Halmann and Laulicht (1965) and Halmann 
(1966) were deduced as described in Chapter 6. The /  values marked with an as­
terisk were determined from the present measurements by assuming the theoretical ß 
values.
f { v ' X o H
V X
measured theoretical Halmann and 
Laulicht (1965)
Halmann (1966)
2 9 6.95 ±  0.24 6.62 8.8 ± 1.3
3 8 3.10 ± 0.08 2.98 2.5 ± 0.2
4 7 1.12 ± 0.02 1.04 1.05 0.92 ± 0.8
5 7 3.09 ±  0.06 2.98 5.0 2.9 ± 0.2
6 7 7.77 ± 0.13 7.24 7.1 6.5 ± 0.6
7 6 1.63 ±  0.04 1.55 1.5 1.3 ± 0.1
8 6 3.15 ±  0.07 2.94 2.4 2.4 ± 0.3
9 6 5.46 ± 0.12 5.02 3.4 4.2 ± 0.3
10 6 8.53 ±  0.23 7.86 5.3 6.3 ± 0.3
11 5 1.16 ± 0.03 1.12 0.46
12 5 1.52 ± 0.07 1.47
13 5 1.91 ± 0.12 1.78
14 5 2.13 ± 0.10 2.00
15 5 2.18 ±  0.10 2.09
16 5 2.07 ±  0.08 2.03
17 5 1.92 ±  0.25* 1.86
18 5 1.76 ± 0.30" 1.80
19 5 0.94 ±  0.30* 1.52
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Rotationless ( /  ) and mean ( / )  oscillator strengths for the (5-1) to (15-1) 
Schumann-Runge bands of 180,, compared with the theoretical f Q and /  values.
/„ (« ')  X 10' /  (u') x 101
r T
measured theoret ical measured theoretical
5 6 5.70 ±  0.60 5.68 5.51 i  0.60 5.49
(j 5 1.32 ±  0.03 1.27 1.27 -t 0.03 1.22
■
5 2.55 ±  0.15 2.50 2.46 ± 0.15 2.41
8 5 4.49 ± 0.15 4.41 4.32 ± 0.15 4.24
9 5 7.10 ±  0.40 6.99 6.82 ±  0.40 6.72
10 -1 1.07 ±  0.07 1.02 1.02 ± 0.07 0.98
1 1 4 1.42 i  0.10 1.36 1.36 -f 0.10 1.30
12 4 1.71 ± 0.10 1.68 1.63 i 0.10 1.60
13 1 1.8 -i 0.2 1.94 1.7 i  0.4 1.85
14 ■1 2.1 -1 0.2 2.09 1.9 i 0.4 1.97
15 1 2.0 i  0.1 2.10 1.9 i 0.4 1.96
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D .4  Oscil lator Strength  Dens i t i e s
The calculation of the experimental oscillator strength densities for 180 o 
Schumann-Runge transitions from the v" — 0 state. Below the dissociation limit the 
wavenumbers are the band origins for the (0-0) to (24-0) bands (with the subscript 
c denoting calculated values) and d f / d u  was calculated as f Q( v ' ) / A G where /  (v')  
is the rotationless oscillator strength and A G '  is the first vibrational difference. 
Above the dissociation limit d f / d u  was calculated as 1.13 x 10'12a(t/), where o[u) cm2 
is the measured absorption cross section at a temperature of 77 K. The smoothed  
oscillator strength densities and discrete oscillator strengths are also listed.
v ' v  ( c m '1) f0(v') A G '  ( c m '1) f0(v') (cm)
A G '
s m o o th e d  
d f / d u  ( c m )
s m o o t h e d
f0(v')
2 5 0 6 6 1 .2 8 7 .2 4 -9 * 6 1 8 .7 0 1 .1 7 -1 1 1 .1 8 -1 1 7 .2 8 - 9
3 5 1 2 6 9 .6 7 3 .2 2 -8 5 9 7 .7 9 5 .3 9 -1 1 5 .3 6 -1 1 3 .2 0 - 8
4 5 1 8 5 6 .8 6 1 .1 6 -7 5 7 6 .1 6 2 .0 1 -1 0 1 .9 5 -1 0 1 .1 3 -7
5 5 2 4 2 1 .9 8 3 .2 0 -7 5 5 2 .2 6 5 .7 9 -1 0 5 .9 1 -1 0 3 .2 7 - 7
6 5 2 9 6 1 .3 7 8 .0 0 -7 5 2 6 .6 9 1 .5 2 -9 1 .5 2 -9 8 .0 2 -7
7 5 3 4 7 5 .3 6 1 .6 8 -6 4 9 9 .8 4 3 .3 6 -9 2 .4 4 -9 1 .7 2 -6
8 5 3 9 6 1 .0 4 3 .2 7 -6 4 7 1 .3 7 6 .9 4 -9 6 .9 1 - 9 3 .2 6 - 6
9 5 4 4 1 8 .1 0 5 .6 7 -6 4 4 0 .3 3 1 .2 9 -8 1 .2 6 -8 5 .5 7 - 6
10 5 4 8 4 1 .6 9 8 .9 0 -6 4 0 7 .0 1 2 .1 9 -8 2 .1 2 -8 8 .6 4 - 6
11 5 5 2 3 2 .1 1 1 .2 3 -5 3 7 2 .5 4 3 .3 0 -8 3 .3 2 -8 1 .2 4 -5
12 5 5 5 8 6 .7 6 1 .6 1 -5 3 3 4 .8 4 4 .8 1 -8 4 .8 6 -8 1 .6 3 -5
13 5 5 9 0 1 .7 9 1 .9 8 -5 2 9 4 .8 8 6 .7 1 -8 6 .7 0 -8 1 .9 8 -5
14 5 6 1 7 6 .5 1 2 .2 5 -5 2 5 4 .4 4 8 .8 4 -8 8 .7 6 -8 2 .2 3 - 5
15 5 6 4 1 0 .6 6 2 .3 6 -5 2 1 4 .4 0 1 .1 0 -7 1 .0 9 -7 2 .3 4 - 5
16 5 6 6 0 5 .3 0 2 .2 6 -5 1 7 6 .5 3 1 .2 8 -7 1 .3 1 -7 2 .3 1 - 5
17 5 6 7 6 3 .7 1 2 .1 1 -5 1 4 2 .3 3 1 .4 8 -7 1 .5 0 -7 2 .1 4 - 5
v  ( c m '1) ° { v ) ( c m 2) 1 .1 3  x 10 12< r(f)
( c m )
5 7 3 0 6 .5 9 2 .1 3 - 1 9 2 .4 1 -7 2 .3 9 -7
5 7 4 7 1 .2 6 2 .4 3 - 1 9 2 .7 5 -7 2 .7 3 -7
5 7 6 3 6 .8 8 2 .7 7 - 1 9 3 .1 3 -7 3 .1 2 -7
5 7 8 0 3 .4 6 3 .1 8 - 1 9 3 .5 9 -7 3 .5 5 -7
5 7 9 7 1 .0 1 3 .5 9 - 1 9 4 .0 6 -7 4 .0 3 -7
5 8 1 3 9 .5 3 4 .0 6 -1 9 4 .5 9 -7 4 .5 8 -7
5 8 3 0 9 .0 3 4 .5 9 - 1 9 5 .1 9 -7 5 .1 8 -7
5 8 4 7 9 .5 3 5 .1 6 - 1 9 5 .8 3 -7 5 .8 5 -7
5 8 6 5 1 .0 2 5 .8 3 - 1 9 6 .5 9 -7 6 .5 9 -7
* for 7.24-9 read 7.24 x 1Ü'9
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Coefficients a. to be used with Eq. (5.6) to calculate the sm oothed  oscillator 
s treng th  densities as a function of v for 180.2 Schum ann-Runge trans i t ions  from the 
v "= 0  states.
°0 -7.247998927 x  103
G1 4.857503692 x 10'1
a2 -1.231109229 x  10'5
G3 1.393969849 x  10'10
G4 -5.941533405 x  10'16
D .5  M easu red  P red issoc ia tion  L inew idths
Measured FW H M  predissociation line widths r  (c m '1) for ro ta tional lines from 
the (2-0) to (10-0) Schum ann-Runge bands of 180 2. Unmarked values were derived 
from m easurem ents of unresolved PR doublets, while values marked P  and  R  were 
derived from m easurem ents  of P  and R  branch lines respectively. Values marked 
with an asterisk were obta ined  from a  scan profile fitting technique. No resolved 
trip let com ponents  were measured for these bands.
0.68 * 0.141.73 ± 0.31
1.07 ± 0.06
1.07 * 0.06
1.56 ± 0.10
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Measured FWHM predissociation line widths r  (cm'1) for rotational lines from 
the (11-0) to (19-0) Schumann-Runge bands of 18Or Unmarked values were derived 
from measurements of unresolved PR doublets, while values marked P and R were 
derived from measurements of P  and R branch lines respectively. Widths referring 
to resolved triplet components have been given an appropriate subscripted marking 
and for fully resolved single triplet components r  should be replaced by P Values 
marked with an asterisk were obtained from a scan profile fitting technique.
r Y '- l l Y '-12 y '-1 3 y '-14 J ’ y ’«15 ▼ '■16 j ' ▼ '■17 y '-1 8 y '-1 9
2 .7 0 .8 0  ± 0.25 0 .71  ± 0.15 0 .80  t  0 .16 4 0 .64 ± 0.06P 0.28 ± 0.03P 4 .7 0.09 ± O.CEP^a.
4 0 .26 ± 0.02P 0.67 ± 0.07P 0.83 ± 0.08 6 0.58 ± 0.Q5P 0.32 ± 0.03P 4.75 0.19 ± 0.Q2R.P
4 0.26 ± 0.02 0 .55  ± 0.05 0 .76  ± 0.08P 6 0.49 t  0.CMR
6.7 0 .08 ± 0 .0 2 8 ,Pt 0.12 ± 0 .0 2 » ,P„
6 0 .68  ± 0 .06 0.23 ± 0.02P 0.86 ± 0.1QP 8 0.60  ± 0.048 0.31 ± 0 .038
8 0.75 ± 0.06P 0.28 ± 0.03P 7 0.14 ± 0.02P,
8 0 .68  ± 0.05 0 .20  ± 0.02P 0.75 ± 0 .068 0 .76 ± 0.06P
8 0 .7 0  ± 0.07P 0 .21  ± 0 .028 0 .88 ± 0.11P 10 0.59 t  0.W P 0.47 ± 0.06P 7.5 0.15 ± 0.02Bn 0.08 ± 0 .0 2 8 u 0.08 ± 0 .0 2 8 „
10 0.29 ± 0 .038 7.5 0.35 ± 0.04P„
10 0 .70  ± 0.07P 0.22 ± 0 .02P 0.77  ± 0.08P 0.79 t  0.08P
10 0.22 ± 0.028 0 .70  ± 0 .078 0 .81  ± 0.158 12 0.52 ± 0.048 0 .39 ± 0.04P 8.7 0.03 ± 0 .0 2 8 .PB
12 0.67 ± 0.10P 0.33 ± 0 .038
12 0.63 ± 0.07R 0.21 ± 0.028 0 .77  ± 0 .118 0 .84 ± 0.07P 9 0.05 ± 0.02P,
12 0.84 ± 0.15P 0.17 ± 0.02P 0.69 ± 0.10P 0 .90  ± 0.10R 14 0.67 ± 0.05P 0.26 ± 0 .038
14 0.68 ± 0.058 9.5 0.26 ± 0 .0 3 8 u 0.08 ± O.Q2Bn
14 0.91 ± 0 .158 0.19 ± 0.02R 0.53 ± 0 .088 0.97 ± O .liH
14 0.71  ± 0.07P 0.15 ± 0.02P 0 .68  ± 0.05P 0.75 ± 0.07P 15 0.29 ± 0.06P 10 0.17 ± 0.Q2P
16 0.81  ± 0.07R 0.13 ± 0 .02P 0 .58  ± 0 .058 0 .78  ± 0.45P 16 0.75 ± 0.068 0.44 ± 0.0SP 11 0.19 ± 0.Q3K,
16 0.84 ± 0.07P 0.17 ± 0.02R 0.54 ± 0.06P 0 .86  ± 0.088
17.5 0 .33 ± 0.08Pn 11.5 0 .U  ± 0 .0 2 8 ,;
18 0 .86  * 0 .07» 0.13 ± 0 .028 0 .58  ±  0 .068 0.59 ± 0 .078
18 0 .80  ± 0.01? 0.17 ± 0.02P 18 0 .50  ± 0.05P 13 0 .U  ± 0.028. 0.06 ± 0.Q2P,
20 o .n  ± 0 .078 0.19 ± 0.028 0 .37  ± 0.03P 20 0.44 ± 0.078 15 0.29 ± 0.06P,
20 1.07 ± 0.10P 0.40  ± 0 .048
20.5 0 .73  x 0.05R„ 13.5 0 .30  ± 0.03Pn
22 0 .74  ± 0.07R 0 .10  ± 0.02P 0 .38  ± 0.03P
22 0.93 ± 0.15P* 0.19 ± 0 .028 21.5 0 .41 ± 0.05PS 21.5 0.27 ± 0.05Pn
24 0 .93  * 0.20R 0.22 ± 0.028 0 .30  ± 0 .038 22 0 .30  * 0.03S
24 0.11 ± 0.Q2P 0.34 ± 0.06P
23 0.36 ± 0.058, 0 .48 ± 0.18P,
26 0.44 ± 0 .088 0.55 ± 0 .158
23.5 0 .31  ± 0.048„ 0.25 ± 0.04Pa
28 1.78 ± 0.50R* 23.5 0.53 ± 0.13Pm
28 1.67 ± 0.36P*
25 0.48 ± 0.088,
30 0 .72  ± 0.30R*
239
D .6  R o t a t i o n l e s s  W i d t h s
Measured and theoretical FWHM predissociation line widths r  (cm '1) 
lated to zero rotation for the (2-0) to (19-0) Schumann-Runge bands of 180
V
r 0 (cm' )
measured theoretical
2 0.55 ± 0.10 0.50
3 1.16 d 0.09 1.20
4 2.88 d  0.20 2.91
5 3.18 d 0.14 3.05
6 0.75 d 0.05 0.91
7 2.88 d 0.13 2.86
8 1.15 d 0.04 1.00
9 1.00 d 0.03 1.00
10 1.60 d 0.06 1.50
11 0.67 d 0.04 0.58
12 0.26 d 0.01 0.22
13 0.75 d  0.03 0.70
14 0.82 d 0.04 0.81
15 0.57 d 0.03 0.54
16 0.29 d 0.02 0.28
17 0.18 d 0.02 0.14
18 0.07 d 0.03 0.08
19 0.08 d 0.03 0.06
extrapo-
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D.7  Partial  Widths
Calculated best fit partial and total FWHM predissociation widths for the 
(2-0) to (18-0) Schumann-Runge bands of 180 9 compared with the measured values 
of this work for N"=-8. The deviations between the measured and model values are 
also shown as a percentage. All theoretical widths were averaged over the fine 
structure components.
v ’ s 77U 2  3 2 ; 1 11 *11 U '7  7U ^ ( t h e o r . ) r ,  >( r n r a s .) %  L > v .
2 0 .0 4 0 0.000 0 .3 8 9 0 .1 9 7 0 .6 2 6 0 .55 0.7
3 0 .563 0.000 0 .464 0 .2 7 2 1.298 1.31 0.9
4 2 .587 0.001 0 .4 9 9 0 .0 1 5 3.101 3 .09 - 0.4
5 2 .524 0.021 0 .4 8 7 0 .0 5 0 3.081 3.11 0.9
0 0 . 0 G 2 0 .1 9 0 0.451 0 .1 4 9 0 .8 5 3 0 .84 - 1.5
7 1.682 0 .6 1 5 0 .4 0 6 0 .1 6 5 2 .8 6 8 2 .86 - 0.3
8 0.321 0 .3 5 6 0 .3 5 7 0 .1 2 2 1.157 1.16 0.2
9 0.494 0 .088 0 .3 0 8 0 .0 7 0 0 .9 6 0 0 .9 6 0.0
10 1.091 0 .2 2 9 0 .264 0 .0 3 3 1.617 1.60 - 1.1
1 1 0 .2 8 2 0.171 0 .2 2 2 0 .0 1 2 0 .6 8 7 0 .7 0 1.9
12 0 .0 2 8 0 .0 0 6 0 .1 8 5 0 .0 0 3 0 .2 2 2 0 .22 - 1.0
13 0 .3 8 5 0 .1 4 5 0 .1 5 3 0.000 0 .684 0 .7 0 2.3
11 0 . 5 G 0 0 .1 4 6 0 .1 2 5 0.000 0.831 0.81 - 2.6
13 0 .4 3 5 0 .0 5 2 0 .1 0 0 0.001 0 .5 8 9 0 .6 0 1.9
10 0 .2 3 9 0 .004 0 .0 7 9 0 .0 0 2 0 .3 2 3 0.31 - 4.2
I 7 0.101 0 .0 0 3 0.061 0 .0 0 2 0 .1 6 8 0 .1 9 11.8
18 0 .034 0 .0 1 5 0 .0 4 7 0 .0 0 2 0 .0 9 7 0 .0 8 - 21.1
19 0 .0 0 8 0.021 0 .0 3 5 0 .0 0 2 0 .0 6 6 0 .0 8 17.3
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APPENDIX E
,60 ,80  SCHUMANN-RUNGE BANDS
E . l  O scillator S tren gths
Measured oscillator strengths f(v',N") x 10* for the R branches of the (2-0) to 
(8-0) Schumann-Runge bands of 160 180 .
1.21 ± 0.09
5.12 i  0.30
i  0.101.14 ± 0.1 1
4.98 + 0.30
± 0.121.16 4 0.11
5.38 * 0.51
±  0 . 10)1.05 ± 0.14
i  0.22)
i  0.12
5.87 i  0.82
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M easured o s c illa to r s treng ths  f ( v ' , N ” ) x 10x fo r the P  branches o f the  (2-0) to  
(8-0) Schum ann-R unge bands o f 160 180 .  Values in parentheses refer to  measure­
m ents on unresolved lines w hich  are n o t independent o f the R  b ranch values.
(4.37 ±
( 1.18 ± 0 .08) (4.76 i
(1.23 i 0 .09) ( 1.20 -t 0 .09) (1.67 i
(5.51 ± 0 .30) ( 1.16 4  0 .08)
(1.80 ± 0 .10) ( 1.62 ±
( 1.18 ± 0 .10) ( 1.76 i
( 1.11 ± 0.08)
(1.76 ± 0.12) ( 1.79 ±
( 1.21 i 0 .08)
( 1.31 + 0 .08)
(■1.57 ±( 1.26 J. 0 .10)
(1.10 -f
1.10 i 0.30
( 1.08 t 0 .10)
(0.91 i 0 .31)
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Measured oscil lator s t rengths  /(v' , ,V") x 103 for the R branches of the (9-0) to 
(15-0) Schumann-Runge bands  of 160 180 .
2.31 ± 0.15
1.85 ±  o .io
2.21 d 0.15
2.89 ± 0.20
7.16 i 2.17 ± 0.15
7.78 ± 2.01 ± 0.10
7.31 +
7.68 1 1.97 ±  0.10 2.66 ± 0.15
2.39 ± 0.15
2.00  ±  0.10
1.86 i  0.10
1.81 ; 0.10 2.36 i 0.15
2.15 ± 0.11
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Measured oscillator s t rengths  f ( v ' , N")  x 103 for the P  branches  of the  (9-0) to 
(15-0) Schumann-Runge bands  of 160 180 .  Values in parentheses refer to measure­
men ts  on unresolved lines which are not independent  of the R  branch values.
(2.35 ± 0.15)
(1.88 i  0.10)
(2.71 i  0.15)
2.01 - t  0.11 (2.98  * 0.20)
(2.21 ± 0.15)1.05 ± 0.09
(2.10 i  0.10)
.59 i  0.09
(2.80 i 0.15)1.9-1 * 0.10
2.09 3  0.10
2.01 3 0.10 2.02 3 0.15
(2.53 j 0.15)1.80 3 0.10
1.18 3 0.09
1.97 3  0.19
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E.2 B an d  Osci llator Strength s
Mean band oscillator s treng ths  /  and rotationless oscillator s treng ths  / 0 for 
the (2-0) to (15-0) Schum ann-R unge bands of 160 I80 .  The f Q values marked with 
an asterisk were determ ined from the present m easurem ents by assuming the 
theoretical 3 values.
v'
x 101 /(*>') x 101
m easured t heoretical measured theoretical
2 8 1.25 d  0.14 1.20 1.11 d  0.14 1.16
3 8 5.28 T 0.43 5.24 5.33 d 0.43 5.06
4 7 1.82 d  0.09 1.78 1.70 d  0.09 1.72
5 7 4.87 ± 0.14 4.95 4.67 d  0.14 4.77
6 6 1.20 d  0.04 1.17 1.15 d  0.04 1.13
7 6 2.51 d 0.05 2.44 2.34 d  0.05 2.35
8 6 4.76 d 0.10 4.52 4.47 d  0.10 4.34
9 6 7.79 ± 0.36 7.52 7.37 d  0.36 7.20
10 5 1.22 d  0.04 1.15 1.13 d  0.04 1.10
11 5 1.63 d  0.13 1.59 1.61 d  0.13 1.51
12 5 2.00 d  0.11 ■ 2.03 1.95 d  0.11 1.92
13 5 2.28 d 0.11 2.39 2.22 d  0.11 2.25
11 5 2.74 d 0.11 2.60 2.60 d 0.11 2.43
15 5 2.79 ± 0.25* 2.63 2.70 d 0.25 2.43
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E.3  M easu re d  Pred issoc ia t ion  Linewidths
Measured FYVHM predissociation line widths r  (cm'1) for rotational lines from 
the (2-0) to (8-0) Schumann-Runge bands of 160 180 .  Unmarked values were derived 
from measurements of unresolved PR doublets, while values marked P  and R were 
derived from measurements of P  and R branch lines respectively. All values were 
obtained from a scan profile fitting technique. No resolved triplet components were 
measured for these bands.
1.35 ±  0.16
1.25 ± 0.28
i.i6 ± o.n 1.31 ± 0.12
1.09 ± 0.13 1.48 ±  0.12
0.29 ± 0.20P 1.60 ± 0.30 2.51 ± 0.20 1.04 ± 0.11
2.55 ± 0.20
3.62 ± 0.40 2.38 ± 0.20 1.43 ± 0.12
1.41 ± 0.40 1.26 ± 0.12 2.38 ± 0.20 1.72 ± 0.15
0.22 ± 0.18R 1.27 ± 0.20P 2.45 ± 0.20 1.07 ± o .n
3.54 ± 0.40 2.29 ± 0.27 1.52 ± 0.13
1.46 ± 0.20P 1.27 ± 0.12 2.26 ± 0.20 1.62 ± 0.15
3.20 ± 0.40 2.71 ± 0.35 1.32 ± 0.13
1.59 ± 0.20R 
1.36 ± 0.20P
3.77 ± 0.40P 
2.92 ± 0.06
1.35 ± 0.24 2.39 ± 0.38 1.58 ± 0.15
1.58 ± 0.20P 2.34 ± 0.20 1.07 ± 0.13 2.37 ± 0.20 1.46 ± 0.18 
1.50 ± 0.14P
3.64 ± 0.80P 2.17 ± 0.20
1.10 ± 0.40P 1.16 ± 0.15 2.34 ± 0.32 1.82 ± 0.16P
3.37 ± 0.40R 2.09 ± 0.30 1.56 ± 0.15 1.70 ± 0.20P
1.90 ± 0.30R 1.26 ± 0.14 2.40 ± 0.23 1.76 ± 0.42R
2.30 ± 0.30 1.14 ± 0.12 2.03 ± 0.20 1.52 ± 0.16P
1.82 ± 0.16R
2.73 ± 0.44 1.40 ± 0.14 1.92 ± 0.24 1.70 ± 0.20R
2.06 ± 0.172.14 ± 0.53 1.46 ± 0.13R
1.80 ± 0.342.33 ± 0.52 1.70 ± 0.17 1.65 ± 0.15R
1.65 ± 0.66
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Measured FWHM predissociation line widths r  (cm'1) for rotational lines from 
the (9-0) to (15-0) Schumann-Runge bands of 160 180 .  Unmarked values were 
derived from measurements of unresolved PR doublets, while values marked P and R 
were derived from measurements of P and R branch lines respectively. Values 
marked with an asterisk were obtained from a scan profile fitting technique. No 
resolved triplet components were measured for these bands.
J ’ v'=9 v'=10 v '= l l J ' v'=12 v'=13 v'=14 v'=15
5 1.27 ± 0.12P 3.5 0.23 ± 0.04
6 1.25 ± 0.12P 0.92 ± 0.08P 4.5 0.21 ± 0.06
7 0.63 ± 0.06 5 0.15 ± 0.02P
8 0.78 ± 0.07 1.33 ± 0.12P 5.5 0.38 ± 0.08 0.47 ± 0.20
9 1.27 ± 0.12P 0.81 ± 0.08R 6.5 0.65 ± 0.20
9 1.25 ± 0.12R 1.19 ± 0.10P
7.5 0.31 ± 0.07
10 0.55 ± 0.05 1.21 ± 0.12R 1.17 ± 0.11R
8.5 0.22 ± 0.02
11 0.58 ± 0.05 1.33 ± 0.12P 1.00 ± 0.1GR
11 0.83 ± 0.11P 9.5 0.50 ± 0.14
12 0.77 ± 0.10P 1.33 ± 0.12R 1.26 ± 0.1QR 10 0.21 ±  0.02P
12 1.44 ± 0.15P
10.5 0.22 ± 0.04
13 1.25 ± 0.12R 1.09 ± 0.10R
13 1.33 ± 0.25P 11.5 0.37 ± 0.10
14 0.73 ± 0.16P 1.21 ± 0.54P 1.06 ± 0.10R 12 0.17 ± 0.02P
14 1.23 ± 0.13P
12.5 0.38 ± 0.12
15 0.67 ± 0.11R 1.32 ± 0.25P* 1.28 ± 0.11R
15 1.31 ± 0.18R 1.31 * 0.15P 13 0.30 ± 0.03R 0.31 ± 0.27P
13 0.30 ± 0.03P
16 0.61 ± 0.14R 1.27 ± 0.23R* 1.39 ± 0.18R
16 0.57 ± 0.27P 1.10 ± 0.83P 14 0.17 ± 0.04R
17 0.55 ± 0.20R 1.26 ± 0.13P* 15 0.32 ± 0.03P
17 0.69 ± 0.12P*
16 0.30 ± 0.03R 0.27 ± 0.14R
18 0.76 ± 0.27R 1.07 ± 0.17P*
16.5 0.40 ± 0.07
19 1.32 ± 0.32R*
17 0.33 ± 0.03R
20 0.67 ± 0.19R*
18 0.28 ± 0.03R
21 0.88 ± 0.26R*
21 0.21 ± 0.12P
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E.4 R o ta t ion less  W id th s
Measured and theoretical FWHM predissociation line widths r  (cm '1) extrapo­
lated to zero rotation for the (2-0) to (15-0) Schumann-Runge bands of ,60 180 .
V
/ ’o (cm '1)
measured theoretical
2 0.25 ±  0.05 0.40
3 1.57 ±  0.31 1.38
4 3.70 ± 0.72 3.18
5 2.01 ± 0.17 2.51
6 1.15 ±  0.07 1.10
7 2.28 ± 0.19 2.51
8 1.38 ± 0.07 1.30
9 0.07 ±  0.09 0.73
10 1.22 dt 0.10 1.33
11 0.87 ± 0.13 1.00
12 0.14 i  0.02 0.21
13 0.29 ±  0.04 0.2 1
11 0.40 ± 0.08 0.53
15 0.58 4 0.08 0.57
249
E . 5  P a r t i a l  W i d t h s
Calculated best fit partial  and total  F W H M  predissociation widths  for the 
(2-0) to (15-0) Schumann-Runge bands  of 160 180  compared wi th the measured 
values of this work for AT' — 8. The deviat ions between the measured and model 
values are also shown as a percentage.  All theoretical  widths  were averaged over 
the fine s t ructure  components.
v ' 5 7/
U
23r  +u 3 77U 177U r ( theor . ) r , .( me a s . ) % Dev.
3 0 .7 1 7 0.000 0 .4 3 3 0 .298 1.448 1.45 0.2
4 2 .773 0 .003 0 .5 1 5 0 .308 3 .5 9 8 3 .56 - 1.1
5 1.875 0 .037 0 .5 4 2 0 .027 2.481 2 .49 0.4
6 0 .3 3 9 0 .223 0 .5 1 9 0 .053 1.134 1.14 0.5
7 1 .216 0 .472 0 .4 6 3 0 .198 2 .3 4 9 2.34 - 0.4
8 0 .7 4 5 0.131 0 .3 8 9 0 .213 1.477 1.48 0.2
9 0 .094 0 .1 3 6 0 .3 0 8 0 .122 0 .6 5 9 0 .6 6 0.2
10 0 .9 1 7 0 .0 9 6 0 .234 0 .035 1.282 1.28 - 0.1
1 1 0 .64  1 0 .1 5 5 0 .1 6 9 0.001 0 .9 6 9 0 .98 1.1
12 0.071 0.000 0 .1 1 8 0 .0 0 9 0 .1 9 8 0 .20 - 1.8
13 0 .054 0 .0 7 6 0 .0 8 0 0 .0 3 0 0.241 0 .2 6 7.5
14 0 .2 6 8 0 .103 0 .0 5 3 0 .0 4 6 0 .4 7 0 0 .42 - 12.0
15 0 .3 6 5 0 .047 0 .0 3 5 0.051 0 .4 9 8 0 .58 14.2
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